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High-resolution tandem mass spectrometry (MSn) coupled with separation techniques,
such as high-performance liquid chromatography (HPLC) and gas chromatography (GC), has
proven to be a valuable tool for the molecular level characterization of complex mixtures. The
utilization of different methods, such as collision-activated dissociation (CAD) and gas-phase
ion/molecule reactions, facilitates structural elucidation of the components in complex mixtures.
This thesis primarily focuses on the development of tandem mass spectrometric methods for
solving analytical challenges associated with the characterization of complex mixtures produced
during enhanced oil recovery (EOR) operations and in drug discovery.
Chapter 2 describes the instrumentation used for the research discussed in this thesis. In
Chapter 3, the gas-phase reactivity of protonated polyfunctional model compounds toward
trimethoxymethylsilane (TMMS) reagent and the utility of this reagent in the mass spectrometric
identification of sulfone and aromatic functionalities in drug metabolites is discussed. Chapter 4
discusses an analytical methodology, namely Distillation Precipitation Fractionation Mass
Spectrometry (DPF-MS), developed to perform molecular level profiling of crude oil. This
analytical methodology involves the optimization of different mass spectrometric and ionization
methods for the semi-quantitative molecular level characterization of crude oil and its fractions.
Chapter 5 discusses a sensitive analytical method developed for the identification and quantitation
of a tracer (2-fluorobenzoic acid) in oil reservoir brine produced during enhanced oil recovery.

xxi
This method is based on solid-phase extraction followed by multiple reaction monitoring (MRM)based HPLC-MSn.
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INTRODUCTION AND OVERVIEW

1.1

Introduction
Mass spectrometry (MS) has emerged over the years as a powerful analytical technique

capable of solving complex problems across a wide variety of different research areas.1–4
Commercial mass spectrometers, which have evolved tremendously over the years from J.J.
Thompson prototype,5 are known for their versatility, sensitivity, specificity, and speed.6
The success of MS experiments depends on four events: evaporation, ionization, ion
separation and detection.7 The analytes present in the mixture are initially brought into the gas
phase by evaporation (step 1) followed or accompanied by ionization (step 2). The analyte ions
generated by ionization are separated based on their mass-to-charge (m/z) ratios (step 3). Finally,
once the analyte ions are appropriately separated, they are detected to measure the m/z-value and
abundance of the ions (step 4). A typical mass spectrum (MS1) displays the results of the analysis
with the mass-to-charge (m/z) ratios of the ions on the x-axis and their abundance (usually relative)
on the y-axis. These results depending on the ionization method provides the analyst with
molecular weight information and some structural information. For example, isotope peaks can be
used to confirm the presence of certain elements in the ionized molecule, such as bromine, boron,
etc. The “Nitrogen rule” can be applied to determine the possible number of nitrogen atoms present
in the ionized molecule. Further, using mass spectrometers that allow extremely accurate mass
measurements, elemental compositions of the ions can also be determined.
To obtain further structural information for ionized analytes by mass spectrometry, tandem
mass spectrometry experiments (MSn) are usually employed. The most commonly used MSn
approaches involve subjecting an isolated ion to collision-activated dissociation (CAD) or
ion/molecule reactions. In CAD experiments, isolated ions are subjected to energetic gas-phase
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collisions with neutral atoms or molecules (often nitrogen, helium or argon) to produce structurally
informative fragment ions. In ion/molecule reaction experiments, isolated ions are allowed to react
with a reagent gas (often a volatile organic compound) to generate structurally diagnostic reaction
products. By examining the fragment ions/product ions, structural information about the parent
ion can be obtained.8

1.2

Thesis Overview
The research discussed in this thesis mainly focused on developing analytical

methodologies based on mass spectrometry to characterize complex mixtures produced during
enhanced oil recovery (EOR) operations and upon drug metabolism. Chapter 2 introduces the
background of mass spectrometry and provides detailed information on the instrumentation and
experimental aspects relevant to this thesis.
Chapter 3 discusses a tandem mass spectrometric approach developed based on gas-phase
ion-molecule reactions for drug metabolite identification. The project discussed in this chapter was
conducted in collaboration with AstraZeneca. The gas-phase reactivity of protonated model
compounds

containing

one

or

more

of

22

different

functional

groups

toward

trimethoxymethylsilane (TMMS) was studied to explore the utility of this reagent in the mass
spectrometric identification of specific functionalities in protonated drug metabolites. Only
protonated analytes with a carboxylic acid, a sulfone or a sulfonamide functionality were found to
produce diagnostic adducts that had lost a methanol molecule upon reactions with TMMS. CAD
of these adduct ions (MS3 experiments) produced characteristic fragment ions of m/z 75, 105 and
123 for sulfones while an adduct that has lost a second methanol molecule was observed for
carboxylic acids and sulfonamides. Further CAD of the methanol elimination fragment ion (MS4
experiments) resulted in the diagnostic elimination of neutral molecules CO2 (MW = 44 Da) and

3
C2H6O2Si (MW = 90 Da) for aromatic carboxylic acids. In contrast, both aliphatic carboxylic acids
and sulfonamides (up on CAD of methanol elimination product) yielded a fragment ion of m/z 91
(C2H7O2Si+), among other products, in the MS4 experiments. Potential energy surfaces were
calculated (at the M06-2X/6-311++G(d,p) level of theory) to explore the mechanisms of above
reactions.
The research discussed in the following chapters, 4 and 5, was conducted in collaboration
with Pioneer Oil company. In Chapter 4, a new approach (distillation precipitation fractionation
mass spectrometry (DPF-MS) method) is introduced for the molecular level characterization of
crude oil. This method involves the separation of crude oil into six fractions followed by a highresolution mass spectral analysis optimized for each individual fraction. The separation methods
used for fractionation of crude oil include distillation, precipitation, fractionation in an auto column
and solid phase extraction. The fractions were initially examined by using Fourier transform
infrared spectroscopy to determine the bulk chemical nature of each individual fraction, such as
the extent of aromaticity, polarity, etc. Based on this bulk information, model compounds
representative of the compounds in each fraction were selected and employed to develop the
optimal high-resolution mass spectrometric analysis method for each fraction. The most important
aspect of this work is the optimization of the ionization method separately for each fraction so that
all compounds in the fraction are ionized at approximately the same efficiency to generate only
one type of stable ions containing the intact molecule. This allows the DPF-MS method to produce
reasonably accurate relative abundances for different compounds present in each fraction, thereby
making the method semi-quantitative. The compositional data thus obtained for the individual
fractions were utilized to provide meaningful molecular level information for the crude oil. This
method excels over previous methods since the inclusion of a mass balance for each fraction allows
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for data consolidation, which provides an accurate overall analysis, including average molecular
weight and distribution of aromatic compounds over the different fractions. Furthermore,
fractionation of the crude oil enables detection of compound classes that cannot be detected in the
unfractionated oil. Chapter 5 discusses a method developed for the detection of tracers, especially
2-fluorobenzoic acid, in oil reservoir brine via solid-phase extraction and multiple reaction
monitoring (MRM)-based HPLC-MSn quantitation. The method developed and discussed in this
chapter was used for the identification and quantitation of 2-fluorobenzoic acid in oil reservoir
brine samples obtained from four different production wells of Pioneer oil company.
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INSTRUMENTATION AND EXPERIMENTAL ASPECTS
OF LINEAR QUADRUPOLE ION TRAP MASS SPECTROMETERS,
HIGH RESOLUTION ORBITRAP MASS SPECTROMETERS AND
TIME-OF-FLIGHT MASS SPECTROMETERS

2.1

Introduction
Tandem mass spectrometry (MSn) is a powerful analytical technique that has been widely

used to address a variety of challenging and complex problems in pharmaceutical, petrochemical,
environmental, and clinical fields.1–7 The rapid growth of mass spectrometry applications over the
years has been driven by the continuous development of novel instrumentation and advanced
methodologies.
The analysis of any chemical species by using mass spectrometry requires at least three steps:
a) desorption and ionization of the chemical species, b) separation of the gas-phase ions based on
their m/z ratio, and c) detection of the separated ions. However, most current mass spectrometers
can perform additional experiments called tandem mass spectrometry experiments (MSn) in order
to provide more information regarding the structures of unknown ions. Tandem mass
spectrometery (MSn) involves at least two stages of mass analysis (MS2), but often more (MSn),
with fragmentation or a chemical reaction occurring in between the stages. The most commonly
used MSn approach involves the isolation of the ion of interest and then subjecting that ion to
energetic gas-phase collisions with neutral atoms or molecules (often nitrogen, helium or argon)
to induce fragmentation. The structural information is elucidated based on the fragment ions
produced. This technique is termed as collision-induced dissociation (CID) or collision-activated
dissociation (CAD). Another MSn approach involves the isolation of the ion of interest which then
is allowed to react with a reagent (often volatile organic molecules) to produce diagnostic ionic
reaction products via gas-phase ion-molecule reactions. Often, the fragment ions or product ions
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generated upon MSn experiments are further isolated and subjected to another stage of reactions
to obtain more structural information.
MSn experiments are performed differently in scanning mass spectrometers compared to
trapping mass spectrometers. Scanning mass spectrometers perform tandem-in-space experiments;
i.e., most of the events, such as ion isolation, dissociation/ion-molecule reactions, and detection
occur in different areas of the mass spectrometer. Trapping mass spectrometers are said to perform
tandem-in-time experiments, which means that most of the above-discussed events occur in the
same region of the mass spectrometer but at different times. All the experiments discussed in this
dissertation were performed using trapping mass spectrometers, specifically, linear quadrupole ion
trap (LQIT) mass spectrometers. The fundamental aspects of this instrument and the different MSn
techniques employed for this dissertation are discussed further in this chapter.

2.2

Linear Quadrupole Ion Trap (LQIT) Mass Spectrometer
Linear quadrupole ion traps (LQITs) were first introduced in 2002.8–10 The relative

simplicity of these ion traps for mass-selective operation has led to the rapid discovery of different
applications suitable for them.11 The LQIT instruments are similar in performance to traditional
3-D quadrupole ion traps12 (QIT), but with significant performance enhancements regarding
sensitivity and versatility.8 Thermo Scientific LTQ mass spectrometers equipped with Surveyor
Plus HPLC systems were used in this dissertation. Xcaliber and LTQ Tune software were used for
data processing and instrument control.
A schematic of the Thermo LTQ instrument used in this research is shown in Figure 2.1.
This LQIT mass spectrometer can be divided into four regions. These regions include a)
atmospheric pressure ionization (API) region, b) ion optics region, c) ion trap (mass analyzer)
region, and d) detector region. These regions are operated at different pressures. The API region

8
includes an ionization source operating at ambient pressure (760 Torr), and an API stalk
maintained at ~1 Torr by using two Edwards E2M30 rotary-vane mechanical pumps (650 L/min).
The ion optics, ion trap, and detector regions are differentially pumped by a triple ported Leybold
TW 220/150/15S turbo molecular pump. The ion optics region just past the API stalk is pumped
(at a rate of 25 L/s) to reach a pressure of 0.5 Torr – 100 mTorr. The remaining part of the ion
optics, which is separated from the previous region by a lens (lens 0), is pumped (at a rate of 300
L/s) down to a pressure of ~10-3 Torr. The ion trap region is separated from the ion optics region
by a lens (lens 1), which is maintained (by pumping at a rate of 400 L/s) at a low pressure of 1x10
-5

Torr. The pressure is monitored using a hot cathode ionization gauge.
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Figure 2.1 Components of the linear quadrupole ion trap (LQIT) mass spectrometer, including the atmospheric pressure ionization
source, API stack, ion optics, mass analyzer, and detector. Operational pressures for each region of the instrument are also indicated.
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2.2.1

Atmospheric Pressure Ionization (API) Region
The API region contains an API ionization source and an API stack. The ionization source

allows the evaporation of the molecules, for ionization by using methods such as electrospray
ionization (ESI), atmospheric pressure photoionization (APPI) and atmospheric pressure chemical
ionization (APCI). These ionization techniques are further discussed in detail in Section 2.4. The
API stack consists of an ion transfer capillary, a tube lens, and a skimmer cone, which facilitate
transfer and desolvation of ions on their way into the ion optics region. The ions generated in the
ionization source are first drawn into the ion transfer capillary via a negative pressure gradient.
The heated capillary facilitates desolvation of the ions and a DC voltage (positive voltage applied
in positive mode ionization and vice versa) applied to it facilitates ion transfer. The tube lens
voltage redirects these ions into the ion optics region via an off-center orifice of the skimmer cone.
The skimmer cone orifice is set off-center to prevent neutral molecules from entering the ion optics
region.

2.2.2

The Ion Optics Region
The ion optics region moves the ions from the API region into the ion trap (mass analyzer)

without contacting any of the solid internal parts of the mass spectrometer. This is achieved by a
series of ion guides that use a combination of DC and RF voltages and a vacuum gradient. The
ions that are transmitted through the skimmer cone are guided through a series of ion guides,
namely, a two square quadrupole ion guides (Q00 and Q0) and a round-rod octupole ion guide
(Q1).8 These RF frequency applied to opposite poles of the ion guides restrict the motion of the
ions in the x- and y-direction. In the multipole, opposite poles are connected such that the same
amplitude and frequency is applied to both. The adjacent rods are also supplied with the same
amplitude and frequency but 180° out of phase. As a result, an oscillating RF field is generated
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between the rods such that when one set is positive, the other set is negative and vice versa (shown
in Figure 2.2). This causes the ions to travel through the multipoles in a circular oscillatory fashion,
focusing the ions to a tighter beam.

Figure 2.2 Quadrupoles that have the same RF voltage applied to opposite poles but 180 out-ofphase voltages between neighboring poles.

In between ion guides, there are lenses across which a DC voltage is applied. These lenses
facilitate ion transfer from one ion guide to another. However, as the ions exit the multipole Q00,
which is in the high-pressure region, the ions have zero kinetic energy in the z-direction. To
accelerate the ions and make them continue towards ion trap region, a DC potential gradient is
applied (in addition to the RF voltages) to all the ion guides. A typical DC potential gradient can
be seen in Figure 2.3.
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Figure 2.3 Typical DC offset potentials applied to the different sections of the LQIT to facilitate
z-directional transmission of ions from the ion source into the ion trap.

2.2.3

Ion Trap (Mass Analyzer) Region
The ion trap region includes a front lens, the linear quadrupole ion trap mass analyzer and a

back lens. The ion trap is composed of four hyperbolic electrodes that are partitioned into three
sections (front, center, and back). The two-center x- electrodes contain slits, through which ions
are ejected for detection (Figure 2.4). The ions enter the ion trap region via the front lens. The ions
are trapped in the x-y direction (radial motion) by applying RF voltages in the same manner as for
the ion optics multipoles discussed above (same frequency and amplitude for opposite electrodes
and 180◦ out of phase for adjacent electrodes). In addition to these RF voltages, a supplemental
RF potential with a variable frequency and amplitude was applied to the x-electrodes to enable ion
excitation, isolation and ejection. The ion motion in the z-direction (axial motion) is controlled by

13
DC voltages applied to the different sections of the ion trap. Further details about ion motion, ion
injection and ejection are detailed under Section 2.3.

Figure 2.4 The partitions and the slits of the LQIT. The length of front, center and back sections
of the trap are indicated.

2.2.4

Ion Detection Region
A detector is located on either side of the ion trap, and both the detectors consist of a

conversion dynode and an electron multiplier, as seen in Figure 2.1. The ions are directed towards
the curved surface of the conversion dynodes by applying a large attractive potential gradient (±15
kV). Once ions hit the dynode, secondary particles, such as electrons or positive or negative ions
are generated. Typically, when negative analyte ions hit the surface of a dynode, positive ions are
generated, whereas when positive analyte ions hit the surface, both negative ions and electrons are
generated as secondary particles.13,14 These secondary particles are driven towards the electron
multiplier by a potential gradient between the conversion dynode and the multiplier. Each
secondary particle strikes the surface of the electron multiplier, causing the ejection of one or more
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electrons according to set amplification factor (gain). Due to the funnel shape of the cathode, this
process occurs multiple times creating a cascade of electrons, eventually creating a large
measurable current which is proportional to the number of ions originally ejected from the ion trap.
The measured current is cross-referenced with the time event of the RF amplitude ion ejection
scan, and the measured current reported as ion abundance, is assigned an m/z value and thus
generating a mass spectrum. The schematics of the ion detection system are provided in Figure
2.5.

Figure 2.5 The ion detection system is composed of a conversion dynode and an electron multiplier.
Ions ejected through the slits in the X-electrodes of LQIT collide with the surface of the conversion
dynode to generate secondary particles. These secondary particles enter the electron multiplier,
generating a cascade of electrons upon collisions with the surface, which in turn produce more
electrons upon collisions with the surface, eventually generating a measurable ion current in the
anode cup.
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2.3

Ion Trap Scan Functions
The ion traps can perform four main functions that include ion trapping, isolation,

excitation, and ejection. Details of these functions are discussed further.

2.3.1

Ion Trapping
Ions are trapped in the ion trap by using a combination of DC and RF potentials applied to

the electrodes, and the helium buffer gas in the ion trap. While DC and RF potentials regulate the
radial and axial motion of ions, helium is used to collisionally stabilize the ions into the center of
the trap.

2.3.1.1 Trapping Ions in the Radial (x and y) Direction
In LQIT, the RF and DC voltages are applied to all the four electrodes to create a twodimensional quadrupolar RF-field.15 The potential ( Φ0 ) thus generated is governed by the
following equation:
 0   (U - V cos t)

(2.1)

Where U is the applied DC voltage and V is the amplitude of the RF voltage with an angular
frequency Ω
Therefore, the ions within this quadrupolar RF field experience a potential in the x-y plane ( Φ x,y )
which can be written in the form of an equation as follows (reference):
 x, y 

 0 ( x 2 - y 2 ) (U  V cos t )( x 2 - y 2 )

r02
r02

where r0 is the radius of the circle inscribed by the quadrupole rods.
Therefore, the ions are subjected to the following forces (F) in the x- and y-directions:

(2.2)
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Fx = m

d 2x
d
= -ze
2
dt
dx

(2.3)

Fy = m

d2y
d
= -ze
2
dt
dy

(2.4)

where m is the mass of the ion, z is the number of charges in the ion, and e is the charge of an
electron (1.602 x 10-19 Coulombs)
The equations governing the ion motion in the x-y plane are derived from above equations 2.22.4 and are given below10,16:
d 2 x 2ze

(U  V cos t)x = 0
dt 2 mr02

(2.5)

d 2 y 2ze

(U  V cos t) y = 0
dt 2 mr02

(2.6)

Above equations indicate that the ions with x and y values smaller than r0 will have stable
trajectories in the ion trap. These equations have very close similarity to the Mathieu equation 10,12
given below.
d 2u
+(au + 2qu cos 2 )u = 0
d 2

By substituting the parameter  

(2.7)

t
, equations 1.5 and 1.6 can be expressed as Mathieu
2

equations 10,12 as shown below:
qu  qx  ()q y 

4zeV
mro2  2

(2.8)

au  ax  ()a y 

8zeU
mro2  2

(2.9)

where au and qu are known as the Mathieu stability parameters. These stability parameters have
different values for the different regions in the Mathieu stability diagram, as shown in Figure 2.6.
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The stability diagram describes the stability of ion trajectories in the trap in terms of parameters a
and q. In simple terms, if the ions’ stability parameters a and q are within the stability region of
the Mathieu stability diagram, the ions will be trapped, and if one or both is outside the region,
they will either collide with the walls of the ion trap or get ejected through the x-rod slits. Ions of
different m/z values have different qu values at a given main RF amplitude as shown in Figure 2.6.

Figure 2.6 Mathieu stability diagram describing the ion motion inside the trap. The circles of
different colors and sizes represent ions of different m/z ratios, larger circles corresponding to ions
of larger m/z and vice versa. The ions will have stable trajectories in the overlapping regions. The
unstable regions of the ions are also indicated.

The ions can be manipulated in the overlapping stability region by varying the main RF
amplitude. Increasing the RF amplitude results in the increase of qu value for any given ion. By
ramping the RF amplitude, ions can be ejected out of the trap in the order of their m/z values (low
m/z to high m/z). When the ions reach a qu value of 0.908, they become unstable in the x-direction
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and are ejected from the trap. While some of the ions collide with the walls of the ion trap, others
come out of the slits of the x-electrodes and can be detected by the electron multipliers. This
method of scanning the ions is popularly known as “mass selective instability scan” or “qscanning.” Each ion oscillates at a particular frequency ( ωu ) in the LQIT, and this frequency is
given by the following equation:

u 

u
2

(2.10)

where Ω is the angular frequency of the RF field applied to the rods of the ion trap,
βu is the Dehmelt approximation17 for qu values less than 0.4. The value of this approximation can
be expressed as follows:

u 

1
(au + qu2 )
2

(2.11)

Based on Equation 2.11, the maximum value for βu is 1. Therefore, the maximum secular frequency
for an ion motion ( ωu ) is ½ the RF angular frequency (Ω) applied to the electrodes. It is worth to
note that the secular frequency of ion motion is directly proportional to its qu value and inversely
proportional to its m/z value. Therefore, ions of smaller m/z values have larger qu values and will
oscillate at higher secular frequencies compared to ions with larger m/z values.

2.3.1.2 Trapping Ions in the Axial (z) Direction
In order to regulate the axial (z-axis) motion of ions, the LQIT uses three axial DC
potentials, one for each section of the LQIT electrodes as shown in Figure 2.7. Initially, the ions
are driven into the ion trap by applying a lower DC potential for front section (DC 1) and even
lower potential for center section (DC 2). The ions entering the trap are then confined to the trap
by increasing the DC potential for both the front (DC 1) and back sections (DC 2), thereby creating
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a potential well. The potential well traps the ions in the axial direction, maintaining them in the
center section as shown in Figure 2.7.

Figure 2.7 A DC potential well is created to regulate axial (z-axis) motion of ions by applying
three DC trapping potentials, one for each section of the LQIT rods. Larger DC potential is applied
to the front (DC 1) and back sections (DC 2) of the ion trap than to the center section (DC 3). The
circles of different colors indicate different ions trapped in the potential well.

2.3.1.3 Stabilizing Ions in the Trap by Using Helium
Although the DC potential applied to the trap confines the ions axially, more efficient
trapping can be achieved using helium as a collisional cooling gas within the ion trap. The presence
of helium in the ion trap helps in keeping the ions in the center of the center section, thereby
facilitating ion ejection to the detector and increasing sensitivity and mass spectral resolution.
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2.3.2 Ion Ejection for Detection
As mentioned above, ions can be ejected from the trap by increasing the RF amplitude (qscanning). Increase in the RF amplitude results in the increase of the ions’ q value, and when this
value reaches 0.908, the ions become unstable in the x-direction and are ejected from the trap.
(Figure 2.8).18 However, this method of ion ejection is not ideal for detection as the ions exit the
trap in an uncontrolled manner, where only a few ions reach the electron multiplier for detection.18
To improve ion ejection for detection, the LQIT utilizes a technique called “x-electrode
bipolar resonance ejection”.17 In this technique, ions are ejected at a lower q-value of 0.88 (see
Figure 2.8 ).17,19 To achieve the ejection of ions at this q-value, a supplemental RF voltage is
applied to the x-electrodes of the LQIT allowing them to be ejected at a lower q-value (0.88). By
increasing the RF amplitude, the secular frequencies of oscillation of all trapped ions also increase.
When ions’ q-value reaches 0.88, their oscillatory frequency comes in resonance with the
supplementary RF voltage. This resonance causes the ions to gain additional kinetic energy, which
leads to a fast increase in the ions’ oscillation amplitude and eventual ejection of the ions from the
trap. Since the supplementary frequency is applied selectively to x-electrodes, the ions will only
be ejected in the x-direction out of the slits in the x-electrodes.8 By using the bipolar excitation
approach, the ions are ejected as a tight ion packet in a more condensed manner, compared to qscanning ejection method and therefore increased resolution and better sensitivity.19,20 The ejected
ions are then directed towards the detectors for detection.
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Figure 2.8 Mathieu stability diagram. The depiction of trapped ion ejection in the LQIT. Ions can
be ejected at the stability limit (0.908) by using the mass-selective instability scan/q-scan or by xrod bipolar resonance ejection. The application of resonance ejection increases resolution because
ions of a specific m/z leave the trap in a more condensed manner.

2.3.3 Ion Isolation
Multi-stage tandem mass spectrometry (MSn) involves at least two stages of mass analysis
(MS2), but often more (MSn), with fragmentation or an ion-molecule reaction occurring between
the stages. To perform any stage of a tandem mass spectrometry experiment, an ion of interest
must be first isolated. Ion isolation is performed in LQIT by taking advantage of the fact that ions
at different q values oscillate at different frequencies and each frequency corresponds to a unique,
specific m/z value. When isolating an ion, the RF voltage is ramped until the desired ion’s q value
reaches 0.803. This results in the ejection of all the ions having lower mass than the ion of interest.
After this ramp, a broadband excitation waveform is applied to the x-electrodes at all the
frequencies (q values) of the ions (5-500 kHz), except for a notch at q = 0.803 which corresponds
to the ion of interest. As a result, all the unwanted ions are ejected out of the ion trap (Figure 2.9).
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The width of the notch is determined by the width of the isolation window, which is defined by
the user.
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Figure 2.9 a) Mathieu stability diagram showing ions in the stability region. B) The main RF
voltage is ramped until the ion of interest attains a q-value of 0.830, resulting in the ejection of
ions of lower m/z values than the ion of interest from the trap. C) Tailored isolation waveform is
applied, ejecting ions of greater m/z values than the ion of interest from the trap.
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2.3.4 Collision-activated Dissociation
Ions isolated in the ion trap can be studied by using either ion-molecule reactions or
dissociation reactions. Collision-activated dissociation (CAD) is a type of dissociation reaction
that is used for the experiments discussed in this thesis and therefore is discussed in detail below.
CAD in LQIT is a method wherein the isolated ion of interest is accelerated and subjected
to fragmentation by allowing the ion to undergo multiple low-energy collisions with helium.21,22
The process of CAD in LQIT ion traps starts with lowering the RF amplitude for the ion of interest
until it reaches a low q-value, typically 0.25. The ion is then accelerated by using dipolar resonance
excitation. To achieve this, a supplementary RF voltage (tickle voltage) of small amplitude and
with a frequency equal to the ion’s resonance frequency is applied to the x-electrode typically for
30 ms.8 This RF voltage is not strong enough to eject the ions from the trap but can enhance the
ion motion in radial direction, resulting in the increase of its kinetic energy. Upon collisions of this
accelerated ion with helium gas in the ion trap, its kinetic energy is converted into its internal
energy, causing it to dissociate. The fragment ions are mass analyzed as discussed in Section 2.3.2.
A detailed illustration of the steps of ion isolation, CAD and mass analysis of the fragment ions is
given in Figure 2.10.
As discussed above, the activation q value can be varied. The q value at which the ions are
activated is crucial for CAD experiments. The choice of q value determines the low m/z cut-off
for the fragment ions that can be trapped after fragmentation as well as the amount of kinetic
energy that the ion of interest gains.8 For example, if the ion is activated at a higher q-value, the
ion oscillates at a higher frequency (higher kinetic energy), thereby experiencing more energetic
collisions with helium, resulting in more extensive fragmentation. However, as the q value is
increased, the observable mass range for the fragment ions is narrowed as the activated ion has a
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q-value closer to the instability limit, resulting in lower mass cut-off. Therefore, the q value must
be wisely chosen for CAD experiments. Typically, q value of 0.25 is used for CAD to achieve a
balance between the extent of fragmentation and low mass cut-off.
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Figure 2.10 a) The q-value of the isolated ion is reduced from 0.880 to 0.250 by lowering the main
RF amplitude. B) A supplementary RF voltage (tickle voltage) is applied at a q value of 0.250 to
excite the ion resonantly, thereby causing energetic collisions with helium. Fragment ions are
produced upon collisions with helium. C) The fragment ions are separated based on their m/zvalues by using the q-scan or mass selective instability scan with resonant ejection at a q value of
0.880.
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2.4

Ion-Molecule Reactions
In addition to CAD experiments, gas phase ion-molecule reactions have proven to be a

powerful tool for the structural elucidation of isolated ions.23–28 The isolated ion of interest is
allowed to react for a variable time with a gaseous neutral reagent introduced into the ion trap via
an external mixing manifold. After the reaction, the product ions are detected as described in
Section 2.3.2.
The double-well potential energy surface model proposed by Brauman has provided a
rational understanding of the outcomes of gas phase ion-molecule reactions (Figure 2.11).29,30
According to this model, ion-molecule reactions are proposed to occur via the formation of a
reactant complex and a product complex separated by an entropically restricted energy barrier.
Figure 2.11 illustrates the model in the case of positively charged molecules, and the process is
schematically represented below.
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where, kc is the rate of collision, kb is the rate of dissociation to separated reactants, kp and kp’
are the rates of chemical transformations, and kb’ is the rate of dissociation to separated products
Gas phase ion-molecule reactions proceed by the initial formation of a reactant collision
complex of an ion and a neutral molecule due to long-range ion-dipole and/or ion-induced dipole
forces. These forces lower the potential energy of the reactant complex by providing solvation
energy that is now available for the collision complex to overcome reaction barriers (such as
transition states). The height of the energy barrier dictates whether the reaction will proceed
towards producing reaction products or reverse back to reactants. The energy difference between
the separated reactants and the transition state (ΔE; Figure 2.11) correlates with the rate at which
the gas phase reactions occur.30 Unlike reactions that occur in solution (where energy can be
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obtained from heated solvent molecules), the reactions in the gas phase occur only when the overall
reaction is exothermic as the total energy of the system is conserved in high vacuum.
Many gas phase ion-molecule reactions do not occur at the collision rate (kc) due to the
entropically favored dissociation (kb) of the reactant complex back to separated reactants.30 The
transition state that leads to the formation of products is usually tighter than the transition state
leading to separated reactants and therefore lower in entropy. This means that the dissociation to
generate separated reactants is often faster than product formation, even when the net reaction is
exothermic, and the barrier is low in energy.

Figure 2.11 The Brauman double-well potential energy surface for a simple ion-molecule
reaction in the gas phase.
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To allow the introduction of reagents into the ion trap, an external reagent manifold was
used. The external reagent inlet manifold was initially designed and developed by Gronert and coworkers.31,32 The schematics of the external reagent manifold setup used in the experiments
discussed in this thesis are provided in Figure 2.12. In this setup, the reagent is continuously
introduced into the helium line of the manifold via a syringe pump. This introduced reagent is
rapidly evaporated by heating the syringe port and surrounding area of the manifold to an
appropriate temperature. The amount of He/reagent mixture entering the ion trap of the mass
spectrometer is controlled by using a control valve (Granville-Phillips leak valve) and by diverting
part of the mixture to waste. After experiments were completed each day, the manifold was isolated
from the mass spectrometer and connected to a vacuum pump to minimize contamination.

Figure 2.12 External reagent inlet manifold for introduction of helium/reagent gas mixtures. The
valves shown above are open to the manifold, allowing the diluted reagent/helium mixture into the
ion trap via a control valve.
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2.5

Ionization Methods
Many different ionization methods have been developed over the years for the ionization of

analytes of interest. The first developed ionization methods, such as electron impact ionization,33
and chemical ionization,34,35 required the analytes to be volatile so that they can be evaporated
prior to ionization. However, with the advancement of mass spectrometry technologies, mass
spectrometry is now capable of analyzing non-volatile analytes. This was achieved by the
introduction of a variety of new ionization methods that coupled the desorption and ionization of
analyte molecules. These methods include electrospray ionization (ESI),36–38 desorption
electrospray ionization (DESI),39 atmospheric pressure chemical ionization (APCI),40 atmospheric
pressure photoionization (APPI),41 matrix-assisted laser desorption/ionization (MALDI),42 field
desorption/field ionization (FD/FI),43,44 and fast-atom bombardment (FAB).45 Several ionization
methods utilized in this research are discussed below.

2.5.1 Electrospray Ionization (ESI)
Since the introduction of ESI technique by Masamichi Yamashita and John Fenn in 1989,36
it has gained popularity for its ability to bring ionized large polar analytes into the gas phase. Many
large compounds, such as polymers and biopolymers, and compounds that previously could not be
analyzed by using MS are now easily analyzed using this evaporation/ionization technique. 37 ESI
is a soft ionization method by which species present in solution are transferred into gas-phase as
ions, with minimal or no fragmentation.
During a typical ESI experiment, the solution containing the analytes undergoes three main
processes, a) generation of charged droplets from a high voltage capillary tip, upon injection of
solution containing analytes; b) repeated solvent evaporation and droplet disintegration from the
charged droplets to produce smaller charged droplets; c) finally ejection of gas phase ions from
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these charged droplets. The ionization process is depicted in Figure 2.13. While the first two
processes are well understood, the last process, that is, the exact process for this formation of ions
from the charged droplets is widely debated, and several hypotheses based on the theory and
experimental evidence were discussed in the literature.46–48 Herein two important models proposed
for the ion formation are discussed.
When a solution containing the analytes is injected through the capillary that has a highvoltage applied to the tip (3-5 kV), an electrochemical reaction of the solvent occurs causing the
electron flow to or from the metal capillary based on its polarity. As a result, Taylor cone 49–51 is
formed at the end of the capillary, which further ejects a plume of electrically charged droplets.
ESI is analogous to the current controlled electrolytic cell, and therefore the number of electrically
charged droplets produced in ESI is dependent on the current applied.52 The charged droplets thus
produced are held together because the surface tension of the droplet is larger than the Coulombic
repulsions due to electric charge density at the surface. However, as the solvent evaporates, the
electric charge density increases until it reaches an instability limit, known as the Rayleigh
instability limit.53 At this critical point, the droplets undergo Coulombic fissions producing smaller
droplets. This process continues to repeat to produce very small droplets. The lifetime of these
droplets is around 1 to few milliseconds and is mostly depends on parameters such as nature of
solvents, ion spray voltage, sheath and auxiliary gas flow rates, the distance between the spraying
nozzle of ESI and heated capillary of the mass spectrometer and so forth. From these very small
charged droplets, analyte ions are ejected into the gas phase and enter the mass spectrometer via
an ion transfer capillary.
The two important models that describe the formation of gas-phase ions from the small
highly charged droplets includes charge residue model (CRM),54,55 and the ion evaporation model
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(IEM).56 According to ion evaporation model, as the small charged droplets reach their Rayleigh
instability limit, their surface charge becomes sufficiently large to allow for field desorption of the
desolvated ions. In contrast, according to the charge residue model, the gas phase ions are
generated from these charged droplets via the evaporation of the residual solvent molecules, giving
the analyte most of the charges that the droplet carried. It is believed that the charge residue model
applies better to large globular species such as proteins, whereas the low molecular weight analytes
follow the ion evaporation model.57 Although both the models proposed different pathways for the
formation of gas-phase ions from small charged droplets, the models suggested that the ions are
transferred directly from solution, indicating that the analyte ions are performed in the solution.
Nebulization gases such as nitrogen are supplied to the electrospray ionization source to
assist in solvent evaporation and ion desolvation.58 Nitrogen sheath gas is supplied near the tip of
the capillary to help nebulize the solution into a fine mist or spray (see Figure 2.14) . An auxiliary
nitrogen gas flow is utilized in the ionization source as shown in Figure 2.14 to assist in solvent
evaporation as well as to collimate the spray.
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Figure 2.13 ESI ionization process. The region between the ESI needle and the mass
spectrometer inlet shows the process of solvent evaporation and ion desolvation leading to the
production of ions.

Figure 2.14 Schematics of an ESI tip demonstrating the use of sheath and auxiliary gases to
nebulize and collimate the spray.
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2.5.2 Atmospheric Pressure Chemical Ionization (APCI)
APCI is another soft ionization technique commonly used to evaporate and ionize analyes
with medium to low polarity.40 Although APCI source is similar in design to ESI source, the
process of ionization is different. Unlike in ESI, ions are generated in the gas phase by using a
high voltage corona discharge needle. In APCI, the analyte solution is injected into the ion source
through a through a heated transfer capillary (300-500 ◦C) in the presence of nitrogen sheath gas,
which produces a mist of fine droplets and eventually vapors of solvent and analyte molecules,
which are now exposed to corona discharge needle (Figure 2.15). The corona discharge needle
initially ionizes the nebulization gas (N2) to produce primary ions. These primary ions react with
solvent molecules through a complex series of reactions forming solvent ions. These solvent ions
undergo ion-molecule reactions with analyte molecules to form analyte ions. This process is
analogous to chemical ionization (CI). The cascade of reactions initiated by corona discharge to
generate analyte ions from an analyte in an aqueous solution is shown in Scheme 2.1.

Figure 2.15 APCI ionization process in positive ion mode.
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Scheme 2.1 APCI ionization mechanism for the generation of protonated analytes in positive ion
mode when using water as a solvent.

2.5.3 Atmospheric Pressure Photo Ionization (APPI)
APPI is another ionization technique that is not as commonly used as APCI and ESI. This
is because APPI ionization technique efficiently ionizes only moderately polar aromatic
compounds. APPI generates analyte ions in a two-step process. First, the analyte dissolved in the
solvent is thermally desolvated and evaporated by using an APCI probe to produce vapors of the
analyte and solvent. The gaseous analyte and solvent molecules are ionized via a UV light source
(Figure 2.16). Aromatic analyte molecules may absorb a photon (krypton lamp emits 10.0 to 10.6
eV photons) and get electronically excited. These excited analyte molecules may release an
energetic electron and become radical cations. This requires the ionization energy (IE) of the
analyte molecules to be lower than the energy of the photons (Scheme 2.2A). However, if the IE
of the analyte molecules is higher than the energy of the photons, the energetically excited analyte
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molecules may undergo photodissociation or photon emission. In such situations, selection of an
appropriate light-absorbing solvent or dopant may assist the ionization of analyte molecules. The
solvent-mediated cascade of reactions generating analyte ions is shown in Scheme 2.2B.

Figure 2.16 Illustration of the APPI ionization process mediated by a protic solvent in positive
ion mode.
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Scheme 2.2 Possible mechanisms for the generation of analyte ions upon positive mode APPI
ionization. A) Direct ionization of an analyte. B) Solvent mediated ionization of an analyte.

2.5.4 Electron Ionization (EI) in GCxGC/TOF MS
Electron ionization or electron impact ionization is the oldest ionization technique used in
mass spectrometers.33 In EI, the analyte molecules that are desorbed into the gas phase either
thermally or by using some other evaporation method enter the ionization source, where they are
bombarded with a beam of highly energetic electrons (typical kinetic energy ~70 eV).59–61 This is
considered as a hard ionization method, as it uses highly energetic elections which typically causes
fragmentation. A schematic of an EI source is provided in Figure 2.17. Collisions of the energetic
electrons with the gaseous analyte molecules result in the ejection of an electron from an analyte
molecule, thus producing a molecular ion. If the excess energy deposited into the analyte ions
exceeds their fragmentation threshold, the ions will undergo fragmentation. The EI ionization
source was used for the characterization of volatile analytes extracted from crude oil by using
GCxGC/TOF mass spectrometer.
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Figure 2.17 Diagram of the EI source.

2.6

Orbitrap Mass Spectrometry
The orbitrap mass spectrometer was first introduced by Alexander Makarov in 2000.62 It is

based on the concept of orbital trapping of ions around a center wire stretched along the axis of a
cylindrical electrode initially proposed by Kingdon in the early 1920s.63 While Kingdon
configurations did not produce mass spectra, Makarov configurations were successful in trapping
ions and producing mass spectra.
Orbitrap consists of an outer barrel like electrode and an inner co-axial spindle like electrode
and each of these electrodes are connected independently to external voltages.64 The space between
the electrodes makes up the ion trapping volume, which is connected to a vacuum pump. The Ctrap injects the ions of individual m/z values as tight packets, at a position offset from the center
of the orbitrap. These ion packets are accelerated with enough tangential velocity, such that they
will cycle parallelly around the spindle electrode (without colliding) with a set axial frequency
that is related to their m/z value.

63

This axial frequency is utilized for ion detection. The image
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current produced by the axial oscillation is measured, and the fourier transform operation is
employed to convert frequency data into m/z values. For the experiments performed in this thesis,
a Thermo Scientific LTQ Orbitrap XL mass spectrometer was utilized. A schematic for this
instrument is shown in Figure 2.18.

40

Figure 2.18 Thermo Scientific LTQ Orbitrap XL. The red line indicates the injection of ion packets from C-trap into orbitrap through
the orbitrap injection optics.
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2.6.1 Equations of Motion for Ions in the Orbitrap
The outer and inner electrodes of the orbitrap are precision machined to create the quadrologarithmic field with potential distribution, U, mathematically described below.62,65
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where r and z are cylindrical coordinates ( z  0 being the plane of symmetry), k is field
curvature, Rm is the characteristic radius of an ion of mass m and C is a constant.
The ions entering this field acquire three characteristic frequencies of ion motion; rotation
around the central electrode (ωφ ) , radial oscillations (ωr ) , and axial oscillations along the z-axis
(ωz ) . The equations of motion in polar coordinates (φ, r, z) for ions of mass to charge ratio
(m/q) are given below
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Out of the three characteristic frequencies (ωφ , ωr and ωz ) , only the axial frequency along the zaxis is independent of the position and energy of the ions, and therefore only this frequency of
ion motion can be used for the determination of the ion m / q value. The axial frequency of
oscillation is given below
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where, k is constant and derived from equation 1.13. The value of k is proportional to the voltage
applied between the inner and outer electrodes.

2.6.2 Ion Injection
High resolution can be obtained with the orbitrap by measuring the image current of ions
accurately. This requires the injection of ions of the same m/z value as a tight packet into the
orbitrap which is achieved by using curved linear quadrupole ion trap called C-trap.
In the LQIT orbitrap, a transfer octupole delivers ions into a curved C-trap filled with
nitrogen buffer gas. The buffer gas reduces the kinetic energy of the ions introduced into the Ctrap by collisional cooling. Nitrogen gas is chosen over helium as a buffer gas due to better
collisional damping and lower gas carryover toward the orbitrap.66 To minimize nitrogen gas carry
over from the C-trap into orbitrap, the ion packet is usually deflected by a set of transfer lenses
(see Figure 2.19).66 Once the ions are cooled, a large potential gradient is applied to accelerate and
pulse the ion packets into the orbitrap.66
The C-trap has been designed to inject the ions of individual m/z values as tight packets,
at a position offset from the center of the orbitrap. This allows for coherent axial oscillations of
ion packets almost immediately after injection without the need for any external excitation.67,68
Upon their entry, these ion packets are squeezed to move the ions towards the equator and the
central electrode by ramping up the voltage of the central electrode. Since the rotational
frequencies depend on the angles, initial positions, and ion energies, the ion packets are spread
over the angular coordinate, forming a thin rotating ring around the central electrode allowing the
possibility to accommodate more ions in the trap. After injection and before ion detection, the
voltages on the central electrode are stabilized to avoid mass drifts.
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Figure 2.19 Figure is showing the injection of ion packets into the orbitrap by the C-trap. The red
line indicates the ion trajectory. The image current produced by the axial oscillation (z-axis) of the
ions is measured. Voltage ramp is applied to the inner electrode.

2.6.3 Ion Detection
The frequency of the axial motion of the ions is utilized for ion detection. The image current
produced by the axial oscillation of the ions is measured, and a fourier transform operation is
employed to convert the recorded time-domain data into m/z values and related abundances and
therefore producing the mass spectrum.65,69,70 Since the detection of the ions is based on the
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measurement of frequency, the orbitrap is non-destructive, and high mass resolution is
obtainable.62,69,70

2.7

Medium Energy Collision-activated Dissociation (MCAD)
The LTQ Orbitrap XL mass spectrometer used in this thesis research is equipped with an

octupole collision cell (referred here to as the MCAD (or medium-energy CAD) octupole) that
enables triple quadrupole like CAD experiments (beam type CAD) (Figure 2.18). This collision
cell is supplied with an RF voltage (2.6 MHz, 500 V p-p) and a variable DC voltage ±250 V, and
it is filled with a gas of choice (usually nitrogen) for CAD.71
In MCAD, the ions of interest are isolated in the ion trap and transferred into the C-trap that
is held at ground potential. The ions are accelerated from the C-trap into the MCAD octupole at
kinetic energy determined by the potential difference between the C-trap and the octupole. The
fragment ions thus produced are transferred from the octupole back into the C-trap by raising the
potential of the octupole. Typical DC offset potentials applied to different sections of the
instrument during the MCAD process are shown in Figure 2.20. Unlike in CAD, MCAD supports
multiple cleavage events not only because the ion kinetic energy of the ions is much higher and
the target collision gas is much more massive, but also that the fragment ions produced in the
octupole are also accelerated on their way back to C-trap, which may result in extensive
fragmentation. One advantageous feature of MCAD is that the low mass region in the MS/MS
spectra can be obtained using this approach, unlike in CAD.
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Figure 2.20 Typical DC offset potentials applied to the ion trap, C-trap, and MCAD collision cell. A) Potentials applied to induce MCAD
fragmentation for an ion of interest. B) Typical voltages applied to send the MCAD fragment ions into the C-trap, which enables their
detection by Orbitrap.
45
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2.8

Chromatography/Mass Spectrometry
While tandem mass spectrometry is a powerful technique for complex mixture

characterization, in many situations, chromatographic separation techniques such as gas
chromatography and liquid chromatography are still needed, primarily to characterize complex
mixtures that may contain isobaric and isomeric compounds. In this thesis research, highperformance liquid chromatography (HPLC) and 2-dimensional gas chromatography (GCxGC)
coupled with mass spectrometers were used. The details are provided below.

2.8.1 High-performance Liquid Chromatography/Mass Spectrometry (HPLC/MS)
For HPLC separation experiments discussed in this thesis, a Thermo Scientific Surveyor
Plus HPLC coupled with a PDA detector and a mass spectrometer was used. The basic components
of this HPLC system include an autosampler, solvent reservoir, solvent degassers, quaternary highpressure pumps, solvent mixer, sample injector valve, detectors and temperature regulated column
compartment.

2.8.2 Two-Dimensional Gas Chromatography/Mass Spectrometry (GCxGC/MS)
For GCxGC/MS experiments performed in this thesis research, a LECO Pegasus 4D
GCxGC/TOF instrument equipped with an Agilent 7890B gas chromatograph (Agilent
Technologies, Santa Clara, CA) and a high-resolution time-of-flight (TOF) mass spectrometer (up
to 50,000 resolution) was used. The schematics of the instrument are shown in Figure 2.21.
The GCxGC/TOF instrument consists of a two-dimensional GC system coupled with a folded
flight path (FFP) TOF mass analyzer. After separation of the compounds by using the twodimensional GC, positive ion mode electron ionization (EI) (70 eV) was used to ionize the
compounds upon entrance into the mass spectrometer. The ionized compounds were analyzed by
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using the FFP TOF. The EI mass spectra measured for unknown compounds were compared to
extensive EI mass spectral libraries for identification (NIST libraries). This analysis yields a list
of identified compounds, their gas chromatographic peak areas and two retention times, their
chemical formulas and chemical classes, and the accurate m/z values for the ionized analytes.

Figure 2.21 Components of the GCxGC/TOF mass spectrometer used in this research. The folded
flight path mass analyzer is abbreviated as FFP mass analyser in the figure.

2.8.2.1 Two-Dimensional Gas Chromatography (GCxGC)
GCxGC separates mixture components typically by using two columns with different polarities
connected in series. The analytes separated on the first column are typically injected onto the
second column by using a modulator. This concept was theoretically suggested by Giddings72 in
1984 and was practically demonstrated by Liu and Philips in 1991 by using an on-column thermal
modulator interface.73
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The GCxGC system used in this research consists of an injector, primary column, modulator
and secondary column. The primary and secondary columns are in two separate ovens to achieve
independent temperature controls (Figure 2.22A). The modulator located between the two columns
acts as an interface. The success of two-dimensional gas chromatography is highly dependent on
the modulator’s ability to accumulate, refocus and rapidly release eluates arriving from the primary
column onto the secondary column. 74 Different types of modulators, such as thermal desorption
modulators,73 cryo-modulators,75 and jet-based modulators76 have been developed over the years.
The modulation in the GC system used in this thesis research constituted an advanced version of
a jet-based modulation system. The modulation in this device is achieved by using a dual-stage,
quad-jet thermal modulator using liquid nitrogen as a coolant. The eluates leaving the primary
column are cryo-focused by the coolant and are introduced into the secondary column by means
of time synchronized system of hot and cold pulses between stage one and stage two of the
modulator. The cryo-focusing during the modulation process enhances the signal-to-noise ratio for
eluates and thereby increases sensitivity. GCxGC achieves a greater peak capacity (number of
separated and detected peaks) than traditional one-dimensional GC by combining the benefits of
increased sensitivity and enhanced chromatographic resolution.77
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Figure 2.22 A) The two-dimensional GCxGC system with four-jet N2 cryo modulators (two cold
and two hot jets). B) The depiction of a relatively broad portion of the separated elutes from the
first column being cryo-focused, modulated and separated in the second column into three narrow
peaks.
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2.8.2.2 GCxGC Method Development
Chromatographic resolution on GCxGC is impacted by the modulation period, secondary
oven temperature offset, temperature ramp, modulator temperature offset, and hot and cold pulse
timing. Therefore, optimization of all these parameters is required to obtain optimal results.72,78

2.8.2.2.1 Modulation Period
All the events involved in both the stage one and stage two modulations are referred to as
a modulation period (Figure 2.23). The modulation period must be optimized such that it is
sufficiently long to allow enough time for all the compounds within a given modulation period to
move through the second column and into the mass spectrometer but not too long to lower
resolution. A too long modulation period traps the compounds in the modulator for so long that
the second column gets overloaded, resulting in fewer resolved sub-peaks in the second dimension.
The resolution in the first dimension is also lowered because the first-dimension chromatogram is
reconstructed from the second-dimension chromatograms. On the other hand, when too short
modulation periods are used, the next portion of cryo-focused eluate is released onto the second
column even before the eluates from the previous modulation period reach the detector. This may
cause the peaks corresponding to the analytes with longer retention times to show up among peaks
corresponding to compounds released in a later modulation than in which they were injected. This
phenomenon is called wrap-around. This can be avoided by selecting a modulation time that is
longer than the elution time of the most detained analyte in the second column.
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Figure 2.23 A) The two-stage modulation in four jet cryo-modulator. B) All the events included in
the modulation period and the time distributions between different modulation stages and hot and
cold pulses are shown. The ChromaTOF software allows the user to define the duration of the hot
pulse and the modulation period. The cold pulse duration is automatically calculated by the
software.
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2.8.2.2.2 Temperature Ramp and Temperature Off-set
The temperature ramp is defined as the rate of change of temperature (in °C/min) for the
primary oven, secondary oven, and the modulator. Typically, primary and secondary ovens and
modulators are programmed to have identical temperature ramps (Figure 2.24). As the slope of
the temperature ramp is increased, compounds will move through the columns faster and therefore
have reduced retention times, and vice versa. The goal of method development is to achieve the
sharpest peaks with acceptable levels of peak separation. As the temperature of the hot pulse is
governed by the modulator temperature, the temperature of the modulator must be set at a higher
value than the secondary oven temperature (temperature off-set) during temperature programming,
to rapidly desorb the cryo-focused compounds that are trapped by the cold pulse.

Figure 2.24 Typical temperature program for the primary oven, secondary oven, modulator, front
inlet and transfer line for GCxGC. The black arrows indicate the modulator temperature off-set.
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2.8.2.3 Folded Flight Path Time-of-Flight Mass Analyzer (FFP TOF)
High resolution mass analyzers, such as FT-ICRs and sector instruments, are beneficial for
quantitative and qualitative analysis of complex mixtures. Although these mass analyzers provide
high quality data, their use is limited by their low acquisition speeds. Mass spectrometers with
TOF analyzers provide fast acquisition rates that can meet the requirements for a detector for
GCxGC. However, for these instruments to achieve the resolving power of sector or FTMS
instruments, a very long flight tube is necessary, which is not practical. To achieve high resolution,
the LECO Pegasus 4D GCxGC/TOF instrument used in this thesis research was equipped with
advanced folded flight path technology, which permits extended flight paths for ions, thus leading
to increased resolving power. 79,80 This technology involves passing ions through several parallel
sets of electrostatic focusing mirrors (Figure 2.25). In theory, the resolution of the instrument
depends on the number of bounces the ion achieves between the mirrors before reaching the
detector. The length of a single folded flight path was less than 20 m. This provided a resolution
of ≥25,000. To achieve a resolution of ≥50,000, the flight path length was doubled ( the ions are
allowed to travel through the entier folded flight path twice). This instrument can provide high
resolution data at an acquisition rate of up to 200 spectra/second.

54

Figure 2.25 Folded flight path mass analyzer constitutes the electrostatic focusing gridless mirrors
and periodic ion lenses. The blue line indicates the flight path of the ions.
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IDENTIFICATION OF SULFONE AND AROMATIC
CARBOXYLIC ACID FUNCTIONALITIES IN PROTONATED
ORGANIC MOLECULES BY USING ION-MOLECULE REACTIONS
FOLLOWED BY COLLISION-ACTIVATED DISSOCIATION IN A
LINEAR QUADRUPOLE ION TRAP MASS SPECTROMETER

3.1

Introduction
Drug metabolite identification is an essential task in drug discovery and development for a

number of reasons,1–5 e.g., for studying metabolic clearance mechanisms of parent drug and
relevant enzymology, for assessing whether a metabolite is pharmacologically active, and for
adequate safety testing in preclinical animal species to sufficiently cover the systemic exposure of
drug metabolites in humans. LC-MS/MS is the workhorse to identify drug metabolites at low
concentrations in complex sample matrices.1,2 However, structural elucidation of metabolites by
LC-MS/MS or MSn based on collision-activated dissociation (CAD) is not always possible due to
inability to differentiate isomeric metabolites. On the other hand, other commonly used analytical
methods, such as NMR and X-ray crystallography, would require a relatively large amount of a
purified sample for structural characterization, and may not work for a metabolite with poor
stability. In such situations, gas-phase ion-molecule reactions may be utilized to probe the
structural differences in the isomeric analyte ions.6,7 For example, we have previously reported the
structural determination for an N-oxide metabolite among three possible isomers formed upon
different heteroatom oxidations on a 2-aminothiazole moiety by using gas-phase ion-molecule
reactions.8,9 Tandem mass spectrometric methods based on ion/molecule reactions hold great
promise in the identification of functional groups in polyfunctional organic molecules, such as
epoxide,10 sulfone,11,12 amido,13 carbonyl,14 polyol,15 hydroxylamino,16 N-oxide and sulfoxide17
functionalities.
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Silane reagents are volatile and commonly used as reagents in organic synthesis due to their
ability to exhibit hypervalency.18 The research presented here focuses on the use of a silane reagent
(trimethoxymethylsilane or TMMS) in the gas phase to derivatize protonated sulfones,
sulfonamides and carboxylic acids via addition followed by elimination of methanol. One or two
collision-activated dissociation (CAD) experiments of the derivatized analytes allows the
differentiation and identification of the sulfone and aromatic carboxylic acid functionalities in
protonated polyfunctional model compounds. Sulfonamides and aliphatic carboxylic acids could
not be differentiated from each other. Quantum chemical calculations were performed to explore
the reaction mechanisms.

3.2

Experimental

3.2.1 Chemicals
Most chemicals were purchased from Sigma-Aldrich, and they had purities ≥ 98%.
Omeprazole sulfone, sulindac, and albendazole sulfone were purchased from Santa Cruz
Biotechnology (Dallas, Texas, USA). All chemicals were used without further purification.

3.2.2 Sample Preparation
Stock solutions of all the analytes were prepared at a concentration of 0.1 mM in
acetonitrile and were diluted as needed using a mixture of 50% methanol and 50% water.
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3.2.3 Instrumentation
Experiments were conducted in a Thermo Scientific LTQ linear quadrupole ion trap (LQIT)
mass spectrometer equipped with electrospray ionization (ESI) source. All analytes were ionized
via (+) ESI. The analyte solutions were directly injected into the ESI source at a flow rate of 15
µL min-1 by using a 500 µL Hamilton syringe. ESI source conditions were as follows: 3 kV spray
voltage, 20-30 (arbitrary units) of sheath gas (N2), 10 (arbitrary units) of auxiliary gas (N2), and
275 ºC capillary temperature. The variables for the ion optics were optimized for each analyte by
using the auto-tune feature of the LTQ Tune plus software interface.
In collision-activated dissociation (CAD) experiments, the advanced scan feature of the
LTQ tune software interface was used to isolate ions and perform CAD. The isolation parameters
were: an isolation width of 2 units, an activation q value of 0.25 and an activation time of 30 ms.
The ions were then subjected to CAD (collision energy 15 arbitrary units) by using helium buffer
gas as the collision gas.
An external manifold for introducing reagent gas mixtures into quadrupole ion traps via
the helium line was first proposed by Gronert.19,20 A schematic of the external manifold used in
this research was published earlier21, and the schematics of the manifold used in this study is
discussed in Chapter 2. The reagent TMMS was introduced into the trap via the manifold by using
syringe pumps operating at a flow rate of 3 µL/h. The manifold surrounding the syringe port was
maintained at a temperature of 125 oC to ensure evaporation of the neutral reagent (TMMS).
Reaction time was 300 ms for all experiments except those were no products were detected after
this time. In those cases, a reaction time of 2000 ms was also used to verify the absence of products.
At the end of the experiment, the manifold was isolated from the instrument and placed under
vacuum at a high temperature (300 ºC) to bake out the remaining reagent from the manifold.
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3.2.4 Computational Studies
Lowest energy conformers for neutral and protonated molecules were identified using
Maestro 7.0 Macro Model. Geometry optimizations and single point energy calculations were
completed with Gaussian 09.22 Calculations of proton affinities were performed at the B3LYP/631G++(d,p) level of theory. The optimized molecular structures and energies for the potential
energy surfaces were calculated at the M06-2X/6-311++G(d,p) level of theory. Stationary points
were characterized by frequency calculations to confirm a correct number of imaginary
frequencies. All transition state structures were determined to contain exactly one negative
frequency.

3.3

Results and Discussion
Gas-phase reactivity of protonated model compounds with different functional groups

toward TMMS (proton affinity (PA) = 202 kcal/mol calculated at the B3LYP/6-31++G(d,p) level
of theory) was studied in a linear quadrupole ion trap (LQIT) mass spectrometer to explore the
utility of this reagent in identification of specific functionalities. Analytes containing one or more
of 22 different functional groups were explored.
All protonated compounds, with the exception of those containing a sulfone, sulfonamide
or aliphatic or aromatic carboxylic acid, were found to react with TMMS to only produce a stable
TMMS adduct ([TMMS adduct + H]+; Table 3.1). Furthermore, CAD of the [TMMS adduct + H]+
gave back the protonated analytes in MS3 experiments. Thus, the gas-phase reactions with TMMS
provide no structural information about these functionalities.
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Table 3.1 Reaction products of TMMS (PA = 202 kcal/mol) (MS2 experiments), fragment ions
formed upon cad of the product ions (MS3 experiments), and the different reaction pathways’
branching ratios for protonated compounds containing n-oxide, nitro, hydroxycarboxamido,
sulfoxide, amino, hydroxylamino, aniline, imino and hydroxyl functionalities.
Fragment ions (m/z)
Analyte (M)
(m/z of protonated analyte)

PA

Observed reaction products (m/z)

formed upon CAD of

(kcal/

and their branching ratios

[TMMS Adduct + H]+

mol)

(MS2)

(MS3)

[TMMS adduct + H]+ (246)

100%

[TMMS adduct + H]+ (291)

100%

[TMMS adduct + H]+ (277)

68%

[TMMS + H]+ (137)

32%

(110) [M+H]+

(110)

206a

(155) [M+H]+

(155)

-

(141) [M+H]+

(141)

211a

[TMMS adduct + H]+ (215)

100%

215 a

[TMMS adduct + H]+ (277)

100%

(79) [M+H]+

(79)

a

(141)
Calculated at the B3LYP/6-31++G(d,p) level of theory (kcal/mol).

141 [M+H]+
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Table 3.1, continued
Fragment ions (m/z)
Analyte (M)
(m/z of protonated analyte)

PA

Observed reaction products (m/z)

formed upon CAD of

(kcal/

and their branching ratios

[TMMS Adduct + H]+

mol)

(MS2)

(MS3)

238a

No Products

Not Applicable

(143)

[TMMS adduct + H]+ (373)

-

100%

(237) [M+H]+

(237)

226a

[TMMS adduct + H]+ (373)

100%

237 [M+H]+

(237)

[TMMS adduct + H]+ (389)
219

a

77%

+

[TMMS adduct + H - 17] (372) 3%

253 [M+H]+

[TMMS adduct + H]+ (334)

198 [M+H]+

(253)

217a

a

(198)
Calculated at the B3LYP/6-31++G(d,p) level of theory (kcal/mol).

100%
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Table 3.1, continued
Fragment ions (m/z)
Analyte (M)
(m/z of protonated analyte)

PA

Observed reaction products (m/z)

formed upon CAD of

(kcal/

and their branching ratios

[TMMS Adduct + H]+

mol)

(MS2)

(MS3)

48 [M+H]+

-

[TMMS adduct + H]+ (184)

100%

-

[TMMS adduct + H]+ (226)

100%

90 [M+H]+

212a

[TMMS adduct + H]+ (274)

100%

138 [M+H]+

(48)

(90)

a

(138)
Calculated at the B3LYP/6-31++G(d,p) level of theory.

On the contrary, when protonated sulfones (Table 3.2), sulfonamides (Table 3.3) and
aliphatic and aromatic carboxylic acids (Table 3.4) were allowed to react with TMMS, a
characteristic addition/methanol elimination product, [TMMS adduct + H - MeOH]+, was formed,
in addition to the TMMS adduct (Table 3.1). This observation allows the differentiation of these
four functionalities from the other functionalities studied. Based on one or two CAD experiments
on the [TMMS adduct + H - MeOH]+ products, the aromatic carboxylic acids, and sulfones can be
differentiated from each other and also from aliphatic carboxylic acids and sulfonamides (Table
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3.1, Table 3.2, Table 3.3 and Table 3.4). Aliphatic carboxylic acids and sulfonamides could not be
differentiated from each other. These observations are discussed in detail below.

3.3.1 Reactions of TMMS with Protonated Monofunctional Sulfones
The MS2 spectra measured after reactions between TMMS and protonated sulfonecontaining compounds showed a dominant addition/methanol elimination product, [TMMS adduct
+ H - MeOH]+ and protonated TMMS (Table 3.2). Isolation and CAD of the [TMMS adduct + H
- MeOH]+ product ion yielded diagnostic fragment ions of m/z 75, 105 (most abundant fragment
ion) and 123 in MS3 experiments (Table 3.2). Observation of these fragment ions indicates the
likely presence of a sulfone functionality in the analyte (Table 3.2). The reaction of dimethyl
sulfone with TMMS is taken as an example for further discussion. The MS2 spectrum of protonated
dimethyl sulfone (m/z 95) measured after reaction with TMMS and the MS3 spectrum measured
after CAD of [TMMS adduct + H - MeOH]+ product (m/z 199) are shown in Figure 3.1.
The observed spontaneous proton transfer from protonated dimethyl sulfone to the TMMS
reagent and the formation of [TMMS adduct + H - MeOH]+ product ion (MS2 spectrum; Figure
3.1) upon reaction of protonated dimethyl sulfone with TMMS reagent suggests that both reactions
are exergonic. Quantum chemical calculations (at the M06-2X/6-311++G(d,p) level of theory)
corroborate this (Figure 3.2A). Calculations suggest that the formation of the [TMMS adduct + H
- MeOH]+ product is initiated by the spontaneous transfer of a proton (exergonic by 4.5 kcal/mol)
from the protonated analyte to the methoxy group in the reagent (TMMS). The proton transfer is
followed by spontaneous formation of the [TMMS adduct + H - MeOH]+ product ion (exergonic
by 12.6 kcal/mol) via nucleophilic attack by one of the oxygen atoms in dimethyl sulfone at the
silicon atom in protonated TMMS reagent, resulting in the loss of a methanol molecule. The barrier
for this reaction is small (Gibbs free energy barrier = 0.7 kcal/mol).
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Figure 3.1 (A) The MS2 spectrum of protonated dimethylsulfone (m/z 95) measured after 300 ms
reaction with TMMS. The most abundant product ion (m/z 199) corresponds to [TMMS adduct +
H - MeOH]+. The other product ion is the protonated TMMS reagent (m/z 137). (B) MS3 spectrum
measured after collision-activated dissociation (CAD) of [TMMS adduct + H - MeOH]+. The
fragment ions of m/z 75, 105 and 123 are diagnostic to sulfone functionality.

CAD of the [TMMS adduct + H - MeOH]+ product (m/z 199) produced an abundant
fragment ion of m/z 105 (dimethoxymethylsilyl cation, (CH3O)2SiCH3+; Figure 3.1B) via a
heterolytic cleavage of a Si-O bond in an MS3 experiment. Since no transition state was found for
this Si-O bond cleavage, it is assumed to be barrierless. The Gibbs free energy required for this
bond cleavage is calculated to be 57.3 kcal/mol (at the M06-2X/6-311++G(d,p) level of theory;
Figure 3.2B).
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Table 3.2 Ionic products formed for several protonated sulfones upon reactions with TMMS (PA
= 202 kcal/mol) (MS2 experiments), CAD product ions of [TMMS Adduct + H-MeOH]+ product
ions (MS3 experiments), and the different reaction pathways’ branching ratios.

Analyte
(m/z of protonated analyte)

PA

Observed ionic reaction products (m/z)
and their branching ratios

Fragment ions’ m/z
values (MW of
neutral fragments)
and branching ratios
for CAD of [TMMS
Adduct + H MeOH]+

[TMMS adduct + H - MeOH]+ (321)
[TMMS adduct + H]+ (353)

99%
1%

105 (216)
123 (198)
75b (246)

95%
5%

[TMMS adduct + H - MeOH]+ (199)
[TMMS + H]+ (137)

78%
22%

105 (94)
75 (124)
123 (76)

91%
6%
3%

[TMMS adduct + H - MeOH]+ (223)
[TMMS + H]+ (137)
[TMMS adduct + H]+ (255)

88%
11%
1%

105 (118)
75 (148)
123 (100)

85%
11%
4%

201a

[TMMS adduct + H - MeOH]+ (261)
[TMMS + H]+ (137)

98%
2%

105 (156)
123 (138)
75 (186)

94%
3%
3%

222a

[TMMS adduct + H]+ (434)

100%

Not Applicable

223a

[TMMS adduct + H]+ (318)

100%

Not Applicable

238a

No Products were observed

206a
Dibenzothiophene sulfone
(217)
193a
Dimethyl sulfone (95)

206

a

Vinyl sulfone (119)

Methyl phenyl sulfone (157)

Albendazole sulfone (298)

Methionine sulfone (182)

Omeprazole sulfone (362)
a
b

Calculated in kcal/mol at the B3LYP/6-31++G(d,p) level of theory
Could not be observed in the mass spectrum due to low-mass cutoff

Not Applicable
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Table 3.3 Ionic reaction products of TMMS (PA = 202 kcal/mola) (MS2 experiments), fragment ions formed upon cad of [TMMS Adduct
+ H-MeOH]+ product ions (MS3 experiments, CAD energy 10) and of [TMMS Adduct + H – 2 MeOH]+ fragment ions (MS4 experiments,
CAD energy 20), and the different reaction pathways’ branching ratios for protonated sulfonamide model compounds.
Fragment ions (m/z)
Analyte
(m/z of protonated analyte)

PA

Observed reaction products (m/z) and

formed upon CAD of

(kcal

their branching ratios

[TMMS Adduct + H

/mol)

(MS2)

– MeOH]+
(MS3)

Fragment ions’ m/z (MW of
neutral fragment) formed upon
CAD of [TMMS adduct + H – 2
MeOH]+
(MS4)
91 (139) 30%

[TMMS adduct + H - MeOH]+ (262) 7%
203a

Protonated TMMS (137)

3%

151 (79) 22%
[TMMS Adduct + H - 2
+

MeOH] (230)

200 (30) 21%
184 (46) 14%
167 (63) 8%

(158)

137 (93) 5%

[TMMS adduct + H - MeOH]+ (278) 94%
211a

Protonated TMMS (137)

6%

151 (95) 63%
[TMMS Adduct + H -2

215 (31) 35%

MeOH]+ (246)

91 (155) 2%

[TMMS Adduct + H -2

138 (30) 57%

(174)
[TMMS adduct + H - MeOH]+ (200) 52%
-

Protonated TMMS (137)

48%

+

MeOH] (168)

91 (77) 43%

(96)
a

Calculated at the B3LYP/6-31++G(d,p) level of theory (kcal/mol).
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Table 3.3, continued
Fragment ions (m/z)
Analyte
(m/z of protonated analyte)

PA

Observed reaction products (m/z) and

formed upon CAD of

(kcal

their branching ratios

[TMMS Adduct + H

/mol)

(MS2)

– MeOH]+
(MS3)

206a

[TMMS adduct + H - MeOH]+ (278) 100%

[TMMS Adduct + H - 2
MeOH]+ (246)

Fragment ions’ m/z (MW of
neutral fragment) formed upon
CAD of [TMMS adduct + H – 2
MeOH]+
4
(MS )

167 (79) 44%
216 (30) 33%
91 (155) 23%

(174)

215a

[TMMS adduct + H]+ (323)

100%

Not Applicable

Not Applicable

(187)
a

Calculated at the B3LYP/6-31++G(d,p) level of theory (kcal/mol).
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3.3.2 Reactions of TMMS with Protonated Polyfunctional Sulfones
The characteristic reactivity of protonated sulfone model compounds toward the TMMS
reagent was not observed for three of the polyfunctional model compounds, i.e., omeprazole
sulfone, methionine sulfone and albendazole sulfone (see Table 3.2). Protonated omeprazole
sulfone does not react with TMMS. The substantially greater proton affinity of the analyte
(calculated PA = 238 kcal/mol) than that of the TMMS reagent (calculated PA = 202 kcal/mol)
(ΔPA = 36 kcal/mol) prevents the initial proton transfer from the protonated analyte to the reagent,
and hence the entire reaction, under the conditions employed in this study. This phenomenon has
been reported previously for similar ion-molecule reactions.23
In contrast to omeprazole sulfone, protonated albendazole sulfone and methionine sulfone
do react with TMMS to form [TMMS adduct + H]+, but they do not form the expected product, an
adduct that has lost methanol, as observed for other sulfones. These compounds are probably
protonated at a nitrogen-functionality rather than the sulfone functionality. Since protonated
nitrogen-compounds do not form [TMMS adduct + H - CH3OH]+ but instead [TMMS adduct +
H]+ (Table 3.1), methanol loss is not expected to occur for sulfones protonated on a nitrogenfunctionality.

73

O

O

H
O

S

m/z 95

A
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Trimethoxymethyl silane
(reagent)
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S

O O
S
H

O

Si
O
O

H

O

m/z 137

0.0

Si
O
O

TS
(-3.8)

Proton transfer
-4.5

Si
O O
S

O
O
MeOH

m/z 321

[TMMS adduct + H - MeOH]+
-17.1

B
Si
O O
S

O
O

CAD of [TMMS
adduct + H - MeOH]+
BDE: 57.3 kcal/mol

m/z 321

O

O O
S
O
m/z 105
Abundant diagnostic
fragment ion
Si

[TMMS adduct + H - MeOH]+

Reaction Coordinate

Figure 3.2 Proposed reaction pathways and potential energy surfaces calculated (M06-2X/6311++G(d,p) level of theory) for (A) exergonic proton transfer and formation of [TMMS adduct
+ H - MeOH]+ upon reaction of protonated dimethyl sulfone with TMMS, and (B) endergonic
formation of a diagnostic fragment ion (m/z 105) upon CAD of [TMMS adduct + H - MeOH]+
product ion. The pathway for the formation of this fragment ion (m/z 105) is assumed to be
barrierless. Energy values in parentheses indicate transition state free energies.
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DFT calculations on omeprazole sulfone and albendazole sulfone and their protonated
forms provide some support for above hypothesis. For methionine sulfone, the preferable
protonation site is the amino-nitrogen (calculated PA = 223 kcal/mol) that is substantially more
basic than the sulfone (calculated PA = 200 kcal/mol), with a proton affinity difference of 23
kcal/mol (see Figure 3.3A for the proton affinities of the different protonation sites in methionine
sulfone). For albendazole sulfone, protonation is expected to preferentially occur at the more basic
nitrogen atom in the imidazole ring (calculated PA = 222 kcal/mol) rather than the sulfone site
(calculated PA = 213 kcal/mol). However, the difference in proton affinities between the imidazole
ring nitrogen and sulfone is much lower for this compound than for omeprazole sulfone (only 9
kcal/mol; see Figure 3.3B for proton affinities at different sites in albendazole sulfone). This issue
is addressed later in this chapter.

Figure 3.3 The proton affinities calculated for different protonation sites in methionine sulfone and
albendazole sulfone (B3LYP/6-31G++(d,p) level of theory). (A) The site with the highest proton
affinity in methionine sulfone is the amino nitrogen, with a proton affinity 23 kcal mol-1 greater
than that of the sulfone functionality. (B) The site with the greatest proton affinity in albendazole
sulfone is the nitrogen in the imidazole ring, with a proton affinity 9 kcal mol-1 greater than that of
the sulfone functionality. The higher proton affinity of the imine nitrogen can be attributed to
intramolecular hydrogen bonding between the imine nitrogen and the nearby carboxyl oxygen (not
shown).
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3.3.3 Reactions of TMMS with Protonated Aromatic Carboxylic Acids
The MS2 spectra measured after reactions between TMMS and protonated aromatic
carboxylic acids (M) show formation of [TMMS adduct + H]+, [TMMS adduct + H - MeOH]+,
[TMMS adduct + H – 2 MeOH]+ and/or [M + H]+ - H2O (Table 2). CAD of [TMMS adduct + H]+
gives back the protonated analyte (MS3 experiments), which provides no further structural
information. However, CAD of [TMMS adduct + H - MeOH]+ yields [TMMS adduct + H – 2
MeOH]+ ions (MS3 experiments). Upon CAD of these [TMMS adduct + H – 2 MeOH]+ fragment
ions (MS4 experiments) or upon CAD of [TMMS adduct + H – 2 MeOH]+ ions formed in MS2
experiments (MS3 experiments), characteristic losses of molecules of MW 44 Da and MW 90 Da
were observed. These losses can be used to identify the presence of an aromatic carboxylic acid
functionality not only in monofunctional aromatic carboxylic acids but also in polyfunctional
aromatic carboxylic acids containing different functional groups, such as acetamido, amino, nitro,
hydroxyl and methoxy groups (Table 3.4). Benzoic acid is used below as an example for further
discussion.
Formation of both protonated TMMS and [TMMS adduct + H - MeOH]+ was observed
upon reactions of protonated benzoic acid with TMMS (Figure 3.4; Table 3.4). Quantum chemical
calculations (M06-2X/6-311++G(d,p) level of theory) suggest that the formation of the [TMMS
adduct + H - MeOH]+ product (m/z 227) is initiated by spontaneous proton transfer (exergonic by
5.3 kcal/mol) from protonated benzoic acid to a methoxy group in TMMS (Figure 3.5), just like
for sulfones. The proton transfer is followed by highly favorable reactant complex formation
(exergonic by 25.1 kcal/mol). This complex is stabilized by two hydrogen bonds (Figure 3.5).
Subsequently, nucleophilic attack of the carbonyl group at the silicon atom in protonated TMMS
results in the formation of [TMMS adduct + H - MeOH]+ product via loss of methanol (exergonic
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by 19.6 kcal/mol relative to the separated reactants; Gibbs free energy of activation is -8.5 kcal/mol
relative to the separated reactants).

77
Table 3.4 Ionic products formed for protonated aromatic and aliphatic carboxylic acids, some with additional functionalities, upon
reactions with TMMS (PA = 202 kcal/mola) (MS2 experiments), CAD product ions of [TMMS Adduct + H - MeOH]+ product ions
(MS3 experiments), CAD product ions of [TMMS Adduct + H – 2 MeOH (MS4 experiments), and the different reaction pathways’
branching ratios.

Analyte
(m/z of protonated analyte)

PA

Observed ionic reaction products (m/z)
and their branching ratios (MS2)

m/z values of [TMMS
Adduct + H –
2MeOH]+ formed
upon CAD of [TMMS
Adduct + H - MeOH]+
(MS3)

m/z values (MW of neutral
fragments) and branching ratios
of fragment ions from CAD of
[TMMS Adduct + H - 2MeOH]+
(MS4)

205a

[TMMS adduct + H]+ (274)
[TMMS adduct + H - MeOH]+ (242)

84%
16%

(210)

166 (44)
120 (90)

63%
37%

208a

[TMMS adduct + H]+ (316)
[TMMS adduct + H - MeOH]+ (284)

94%
6%

(252)

162 (90)
208 (44)

72%
28%

202a

[TMMS adduct + H - MeOH]+ (302)

100%

(270)

226 (44)
180 (90)

87%
13%

-

[TMMS adduct + H]+ (317)
[TMMS adduct + H - MeOH]+ (285)

92%
8%

(253)

195 (58)
163 (90)
209 (44)
222 (31)

36%
29%
25%
10%

3-Aminobenzoic acid (138)

4-Acetamidobenzoic acid (180)

4-Methoxy-3-nitrobenzoic acid (198)

Acetyl salicylic acid (181)
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Table 3.4, continued

Analyte
(m/z of protonated analyte)

PA

Observed ionic reaction products (m/z)
and their branching ratios (MS2)

a

[TMMS adduct + H - MeOH]+ (253)
[M + H]+ - H2O (131)
[TMMS adduct + H]+ (285)

201a

[TMMS adduct + H - 2 MeOH]+
(211)
[TMMS + H]+ (137)
[TMMS adduct + H - MeOH]+ (243)
[M + H]+ - H2O (121)

64%
20%
16%

m/z values of [TMMS
Adduct + H –
2MeOH]+ formed
upon CAD of [TMMS
Adduct + H - MeOH]+
(MS3)

m/z values (MW of neutral
fragments) and branching ratios
of fragment ions from CAD of
[TMMS Adduct + H - 2MeOH]+
(MS4)

(221)

177 (44)
131 (90)

87%
13%

48%
21%
18%
13%

(211)

181 (30)
167 (44)

65%
35%

-

[TMMS adduct + H - MeOH]+ (243)
[TMMS + H]+ (137)
[TMMS adduct + H – 2 MeOH]+
(211)

78%
15%
7%

(211)

167 (44)
121 (90)
183 (28)

66%
18%
16%

199a

[TMMS adduct + H - MeOH]+ (243)
[TMMS + H]+ (137)

89%
11%

(211)

167 (44)
121 (90)

84%
16%

194a

[TMMS adduct + H - MeOH]+ (227)
[TMMS + H]+ (137)

75%
25%

(195)

151 (44)
105 (90)

65%
35%

203
trans-Cinnamic acid (149)

2-Hydroxybenzoic acid (139)

3-Hydroxybenzoic acid (139)

4-Hydroxybenzoic acid (139)

a

Benzoic acid (123)
Calculated at the B3LYP/6-31++G(d,p) level of theory (kcal/mol).
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Table 3.4, continued

Analyte
(m/z of protonated analyte)

PA

Observed ionic reaction products (m/z)
and their branching ratios (MS2)

m/z values of [TMMS
Adduct + H –
2MeOH]+ formed
upon CAD of [TMMS
Adduct + H - MeOH]+
(MS3)

m/z values (MW of neutral
fragments) and branching ratios
of fragment ions from CAD of
[TMMS Adduct + H - 2MeOH]+
(MS4)

194a

[TMMS adduct + H - MeOH]+ (228)
[TMMS + H]+ (137)

79%
21%

(196)

151 (45)
106 (90)

68%
32%

-

[TMMS adduct + H]+ (361)
[M + H]+ - H2O (207)
[TMMS adduct + H - MeOH]+ (329)

77%
22%
1%

(297)

253 (44)
207 (90)

68%
32%

-

[TMMS adduct + H - MeOH]+ (255)
[TMMS adduct + H]+ (287)
[M + H]+ - H2O (133)

73%
17%
10%

(223)

133 (90)
179 (44)

87%
13%

-

[TMMS adduct + H]+ (289)
[TMMS adduct + H - MeOH]+ (257)
[TMMS adduct + H – 2MeOH]+
(225)
[M + H]+ - H2O (135)

90%
5%
3%
2%

(225)

181 (44)
135 (90)

63%
37%

-

[TMMS adduct + H - MeOH]+ (221)
[TMMS + H]+ (137)

77%
23%

(189)

147 (42)
91 (98)
81 (108)

39%
32%
29%

Benzoic acid 13C (124)

Sinapic acid (225)

2,6-Dimethylbenzoic acid (151)

2-Methoxybenzoic acid (153)

Hexanoic acid (117)
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Table 3.4, continued

Analyte
(m/z of protonated analyte)

PA

-

[TMMS adduct + H - MeOH]+ (249)
[TMMS + H]+ (137)

85%
15%

(217)

-

[TMMS adduct + H]+ (493)

100%

Not applicable

Octanoic acid (145)

a

Observed ionic reaction products (m/z)
and their branching ratios (MS2)

m/z values of [TMMS
Adduct + H –
2MeOH]+ formed
upon CAD of [TMMS
Adduct + H - MeOH]+
(MS3)

m/z values (MW of neutral
fragments) and branching ratios
of fragment ions from CAD of
[TMMS Adduct + H - 2MeOH]+
(MS4)
147 (70)
109 (108)
91 (126)
129 (88)

52%
21%
17%
10%

Not applicable

Sulindac (357)
Calculated at the B3LYP/6-31++G(d,p) level of theory (kcal/mol).
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Figure 3.4 (A) MS2 spectrum measured after 300 ms reaction of the protonated benzoic acid with
TMMS. The most abundant product ion (m/z 227) corresponds to [TMMS adduct + H - MeOH]+.
The other product ion (m/z 137) arises from proton transfer to TMMS. (B) MS3 spectrum measured
after CAD of isolated [TMMS adduct + H - MeOH]+ (m/z 227). The major fragment ion (m/z 195)
corresponds to elimination of methanol. (C) MS4 spectrum measured after CAD of [TMMS adduct
+ H – 2 MeOH]+ (m/z 195). The most abundant fragment ion (m/z 151) corresponds to CO2 loss
(44 Da). The other fragment ion corresponds to a loss of C2H6O2Si with MW of 90 Da.
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Figure 3.5 Proposed reaction pathways and potential energy surfaces calculated at M06-2X/6311++G(d,p) level of theory for (A) spontaneous proton transfer and formation of [TMMS adduct
+ H - MeOH]+ upon reaction of protonated benzoic acid with TMMS, (B) elimination of methanol
after isolation and upon CAD of [TMMS adduct + H - MeOH]+, and (C) characteristic loss of
molecules with MW of 44 Da (CO2 ) (indicated by solid line) and 90 Da (C2H6O2Si) (indicated by
dashed line) observed upon CAD of [TMMS adduct + H – 2 MeOH]+. Energy values in
parentheses indicate transition state energy barriers.
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CAD of the [TMMS adduct + H - MeOH]+ product ion (m/z 227) discussed above yielded
[TMMS adduct + H – 2 MeOH]+ fragment ion (m/z 195) via loss of a methanol molecule (MS3
experiment; Figure 3.4B). Based on calculations, this loss is initiated by proton transfer from the
hydroxyl group of the carboxylic acid moiety to a methoxy group of TMMS and has a Gibbs free
energy of activation of 17.6 kcal/mol. It leads to a product complex of methanol loosely bound to
an ion of m/z 195 (Figure 3.4B and Figure 3.5B), which dissociates to give the final products (the
total reaction is endergonic by 28.7 kcal/mol).
CAD of the [TMMS adduct + H – 2 MeOH]+ fragment ion (m/z 195) discussed above
resulted in the diagnostic losses of neutral molecules of MW 44 Da (CO2) and MW 90 Da
(CH3OSi(O)CH3; MS4 experiment; Figure 3.4C). Figure 3.5C shows the calculated potential
energy surface for these reactions. Based on calculations, [TMMS adduct + H – 2 MeOH]+ initially
isomerizes into two distinct conformations by breaking one of the Si-O bonds in the fourmembered ring in the fragmenting ion. The two conformers are called here a “folded” conformer
and an “extended” conformer. The “extended” confirmer has a Gibbs free energy of 24.8 kcal/mol
relative to the most stable form of the [TMMS adduct + H – 2 MeOH]+ fragment ion. This
conformer is characterized by protraction of the silicon atom and methoxy group away from the
benzene ring. This conformer fragments into an ion with m/z 105 upon loss of CH3OSi(O)CH3
(MW 90 Da) by cleavage of the carbonyl-oxygen bond. Breaking this bond is endergonic by 35.4
kcal/mol.
The “folded conformer” has a Gibbs free energy of 27.1 kcal/mol relative to the most stable
form of the [TMMS adduct + H – 2 MeOH]+ fragment ion. This isomer is characterized by the
silicon and methoxy groups folding towards the benzene ring where the positively charged silicon
atom can interact with the π-electron system of the benzene ring. Upon CAD, an ipso-substitution
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occurs, involving breaking the phenyl-CO and Si-O bonds to release CO2 (MW 44 Da). This
process has a Gibbs free energy barrier of 17.6 kcal/mol relative to the “folded” conformer. The
formation of the fragment ion of m/z 151 requires less energy than the ion of m/z 105 (formed via
loss of CH3OSi(O)CH3 with MW 90 Da), thus explaining the higher relative abundance of the ion
of m/z 151 in the MS4 spectrum measured after CAD of [TMMS adduct + H – 2 MeOH]+ fragment
ion (Figure 3.4C).
The identity of the carbon atom eliminated as CO2 was confirmed by examining
fragmentation of benzoic acid with a

13

C-label on the carboxylic acid functionality. Instead of

eliminating CO2, this molecule eliminated 13CO2 (MW 45 Da) in the MS4 experiment (Table 3.4,
Figure 3.6C). Support for the proposed ipso-substitution mechanism was obtained by examining
the reactivity of 2,6-dimethylbenzoic acid toward TMMS reagent (Figure 3.7). The methyl groups
in dimethylbenzoic acid occupy the ortho-positions, which sterically hinders ipso-substitution.
Indeed, the fragment ion formed via loss of CO2 upon CAD of the [TMMS adduct + H – 2 MeOH]+
fragment ion derived from dimethylbenzoic acid had a significantly lower abundance than the
fragment ion formed via loss of CH3OSi(O)CH3 with MW 90 Da (MS4 mass spectrum, Figure
3.7C) while for benzoic acid, the fragment ion formed via CO2 loss dominates (Figure 3.4C).
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Figure 3.6 (A) MS2 spectrum measured after 300 ms reaction of the protonated benzoic acid with
13
C label on the carboxylic acid moiety with TMMS. The most abundant product ion (m/z 228)
corresponds to [TMMS Adduct + H - MeOH]+. The other product ion (m/z 137) corresponds to
protonated TMMS. (B) MS3 spectrum measured after CAD of [TMMS Adduct +H - MeOH]+ (m/z
228) shows elimination of methanol (m/z 196). (C) MS4 spectrum measured after CAD for the
methanol elimination product (m/z 196) shows 13CO2 loss (45 Da). the other fragment ion
corresponds to a loss of C2H6O2Si (MW 90 Da).
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Figure 3.7 (a) MS2 spectrum measured after 300 ms reaction of protonated 2,6-dimethylbenzoic
acid with TMMS shows a major product ion (m/z 255) corresponding to [TMMS Adduct + H MeOH. The other product ion (m/z 133) corresponds to [M+H-H2O]+. (b) MS3 spectrum measured
after CAD of [TMMS Adduct + H - MeOH]+ (m/z 255) shows a major fragment ion (m/z 223)
corresponding to elimination of methanol. (c) MS4 spectrum measured after CAD of the methanol
elimination product (m/z 223) shows a major fragment ion (m/z 133) corresponding to loss of
C2H6O2Si(MW 90 Da). The other fragment ion corresponds to a loss of CO2 (44 Da).

The diagnostic reactivity described above for protonated aromatic carboxylic acids was not
observed for sulindac (Table 3.4). Protonated sulindac forms the [TMMS adduct + H]+ product
upon reactions with TMMS but not the methanol elimination product that was observed for other
aromatic carboxylic acids (Table 3.4). This finding is rationalized by the presence of substantially
more basic functionality, a sulfoxide group (proton affinity (PA) = 224 kcal/mol; see Figure 3.8
for comparison of the PAs for the various protonation sites in sulindac). The sulfoxide functionality
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has a PA 23 kcal/mol greater than the carboxylic acid site (201 kcal/mol). Hence, protonation is
likely to occur preferentially at the sulfoxide group. This explains the lack of formation of the
product ions diagnostic of aromatic carboxylic acid functionalities, as protonated sulfoxides do not
yield these product ions (Figure 3.1).
In contrast to sulindac, the expected [TMMS adduct + H - MeOH]+ product ion was
observed for three other polyfunctional analytes containing functionality that is more basic than
the carboxylic acid site, namely 3-aminobenzoic acid, 4-acetamidobenzoic acid and 4-methoxy-3nitrobenzoic acid. The observed reactivity suggests that these compounds get protonated at both
the carboxylic acid group and the more basic site upon ESI. Indeed, the formation of two protomers
for 3-aminobenzoic acid upon ESI has been previously reported.24–27 Further, the calculated PA
differences between the two functionalities in these three compounds are only 8 kcal/mol or less
(Figure 3.8) and hence substantially smaller than for sulindac (23 kcal/mol). Based on literature,
protonation at two different sites in a polyfunctional molecule upon ESI can occur when the PA
difference of these sites is 10 kcal/mol or less.9 We calculated the PA or acidity differences for
basic and acidic sites in several molecules reported in the literature24,25,28–30 to get protonated or
deprotonated, respectively, at two sites upon ESI, and found these differences to be 8 kcal/mol or
less (Table 3.5). This evidence supports our hypothesis that sulindac, with a huge PA difference
of 23 kcal/mol, can only get protonated at the most basic site. However, the other compounds
discussed above, with a proton affinity difference of 8 kcal/mol or less, can get protonated at
several sites and hence display reactivity diagnostic of the carboxylic acid functionality.
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Figure 3.8 The proton affinities calculated for different protonation sites in (A) sulindac, (B) 4acetamidobenzoic acid, (C) 4-methoxy-3-nitrobenzoic acid and (D) 3-aminobenzoic acid
(B3LYP/6-31G++(d,p) level of theory). The most basic site in each molecule is colored blue.
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Table 3.5 Calculated acidities/proton affinities of different possible protonation/deprotonation
sites (B3LYP/6-311++G(d,p) level of theory) for molecules earlier reported in the literature to be
deprotonated/protonated at different sites upon ESI.
Analyte

Ion formation reported in

Difference in gas-phase

Gas-phase acidities/PAs

the literature

acidity/PA (in kcal/mol)

(kcal/mol)

333 kcal/mol

for the functionalities

329 kcal/mol

Thiolate and carboxylate anions
are generated. 21,24

338 kcal/mol
330 kcal/mol

anions are generated. 20

335 kcal/mol
O

Phenoxylate and carboxylate

OH

anions are generated. 20

335 kcal/mol
HO

Phenoxylate and carboxylate

4 kcal/mol

8 kcal/mol

0 kcal/mol

NH2
Tyrosine
207 kcal/mol

201 kcal/mol

206 kcal/mol 208 kcal/mol
187 kcal/mol

210 kcal/mol

Protonated carboxylic acid and
amino groups are generated. 25

Protonated amino group and the
benzene ring are generated. 26

6 kcal/mol

2 kcal/mol

90
3.3.4 Reactions of TMMS With Protonated Hydroxybenzoic Acid Isomers
Although protonated 3-hydroxybenzoic and 4-hydroxybenzoic acid isomers react as
expected, their 2-hydroxy isomer does not. Upon CAD, [TMMS adduct + H – 2 MeOH]+ fragment
ions (obtained in MS3 experiments) derived from 2-hydroxybenzoic acid fragment via loss of CO2
(MW 44 Da) and CH2O (MW 30 Da) (MS4 experiments, see Figure 3.9C) instead of loss of CO2
(MW 44 Da) and C2H6O2Si (MW 90 Da), as observed for other carboxylic acids. In order to
understand the reasons for this difference, the mechanisms for the reactions of protonated 2hydroxybenzoic acid were explored computationally.

Figure 3.9 The mass spectrum measured after 300 ms reaction of protonated 2-hydroxybenzoic
acid with TMMS. (A) Spontaneous formation of [TMMS adduct + H]+ (m/z 275), [TMMS adduct
+ H - MeOH]+ (m/z 243) and [TMMS adduct + H – 2 MeOH]+ (m/z 211) was observed. (B) MS3
spectrum measured after CAD of [TMMS adduct + H -MeOH]+ (m/z 243). The major fragment
ion (m/z 211) corresponds to elimination of methanol. (C) MS4 spectrum measured after CAD of
[TMMS adduct + H – 2 MeOH]+ (m/z 211). The most abundant fragment ion corresponds to the
loss of formaldehyde (MW 30 Da). The other fragment ion corresponds to loss of CO2 (MW 44
Da).
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Figure 8A shows the calculated PES for the exothermic proton transfer followed by the
formation of the [TMMS adduct + H - MeOH]+ product upon reaction of TMMS with protonated
2-hydroxybenzoic acid (MS2 experiment). Figure 3.10B shows the PES for the formation of
[TMMS adduct + H – 2 MeOH]+ fragment ions (m/z 211) upon CAD of [TMMS adduct + H MeOH]+ (m/z 243) (MS3 experiment). Two different conformations of the [TMMS adduct + H MeOH]+ product ion (m/z 243) proceed through different pathways to yield two isomeric [TMMS
adduct + H – 2 MeOH]+ fragment ions, one with a four-membered and the other with a sixmembered ring containing the silicon atom (MS4 experiment), as shown in Figure 3.10B. Figure
3.10C shows the PES for the elimination of CH2O and CO2 from the [TMMS adduct + H – 2
MeOH]+ fragment ions upon CAD. CH2O loss occurs from the more stable isomer containing the
six-membered ring and has a Gibbs free energy barrier of +72.1 kcal/mol. CO2 loss occurs from
the isomer containing the four-membered ring in exactly the similar fashion as described above
for benzoic acid and has a Gibbs free energy barrier of +61.1 kcal/mol relative to the lowest energy
[TMMS adduct + H – 2 MeOH]+ isomer. Although the barrier for CO2 loss is lower than the barrier
for CH2O loss, the relative abundance of the product ion corresponding to CH2O loss is greater in
the MS4 spectrum (Figure 3.9C). This is due to the relative stabilities of the isomeric [TMMS
adduct + H – 2 MeOH]+ ions containing four- and six-membered rings. As seen in Figure 3.10B,
the isomer containing the six-membered ring is substantially more stable and has a lower TS
energy. Hence, this isomer is likely formed in greater abundance, leading to a greater abundance
of the fragment ion formed via CH2O loss. Due to its greater energy requirements (Figure 3.6C),
CH3OSi(O)CH3 (MW 90) loss cannot compete with above processes.
While the [TMMS adduct + H – 2 MeOH]+ fragment ions derived from 2-hydroxybenzoic
acid preferentially undergo CH2O elimination over CO2 elimination, the CH2O elimination
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pathway is not available for the 3- and 4-hydroxybenzoic acids as their hydroxy-substituents are
too far away from the carboxylic acid moiety to form the six-membered isomer of [TMMS adduct
+ H – 2 MeOH]+ fragment ions needed for CH2O loss. This difference allows the distinction of the

ortho-isomer from the meta- and para-isomers.
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Figure 3.10 Proposed reaction pathways and calculated potential energy surfaces (M06-2X/6311++G(d,p) level of theory) for (A) spontaneous proton transfer and formation of [TMMS adduct
+ H - MeOH]+ upon reaction of protonated 2-hydroxybenzoic acid with TMMS (MS2 experiment),
(B) elimination of methanol upon CAD of [TMMS adduct + H - MeOH]+ (MS3 experiment), and
(C) diagnostic loss of molecules with MW of 44 Da (CO2) (pathway indicated by solid line) and
30 Da (CH2O) (pathway indicated by dashed line) observed upon CAD of [TMMS adduct + H –
2 MeOH]+ (MS4 experiment).
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3.3.5 Reactions of TMMS with Protonated Compounds Containing Sulfonamide and Aliphatic
Carboxylic Acid Functionalities
Protonated compounds containing sulfonamide or aliphatic carboxylic acid functionality
yielded the [TMMS adduct + H - MeOH]+ product upon reaction with TMMS, similarly to sulfones
and aromatic carboxylic acids. Unlike sulfones but similar to aromatic carboxylic acids, CAD of
the [TMMS adduct + H - MeOH]+ product yielded [TMMS adduct + H – 2 MeOH]+ fragment ions.
Further CAD on these fragment ions yielded several fragment ions (Table 3.4 and Table 3.3). The
MSn spectra measured for protonated benzene sulfonamide (Figure 3.11) and hexanoic acid
(Figure 3.12) are presented in supporting information as examples. Interestingly, both
sulfonamides and aliphatic carboxylic acids show the fragment ion of m/z 91 in their mass spectra
although none of the other compounds do. A feasible mechanism for this reaction is shown in
Figure 3.13.
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Figure 3.11 (A) The MS2 spectrum measured after 400 ms reaction of protonated benzene
sulfonamide with TMMS shows the product ion [TMMS Adduct + H - MeOH]+ (m/z 262)
diagnostic also for aromatic carboxylic acids and sulfones. (B) MS3 spectrum measured after CAD
of isolated [TMMS adduct + H - MeOH]+ (m/z 262) showed the fragment ion of m/z 230
corresponding to the elimination of methanol, as observed for other carboxylic acid model
compounds. (C) MS4 spectrum measured after CAD of [TMMS adduct + H – 2 MeOH]+ (m/z 230)
showed no fragment ions corresponding to CO2 loss (44 Da) or loss of C2H6O2Si with a MW of
90 Da (characteristic of carboxylic acids), but it showed a fragment ion of m/z 91 that may be
diagnostic for sulfonamides and aliphatic carboxylic acids.
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Figure 3.12 (A) The MS2 spectrum measured after 500 ms reaction of the protonated hexanoic acid
with TMMS shows the diagnostic product ion [TMMS Adduct + H - MeOH]+ (m/z 211) observed
for aromatic carboxylic acids and sulfones. (B) The MS3 spectrum measured after CAD of isolated
[TMMS adduct+H-MeOH]+ (m/z 211) shows a fragment ion (m/z 189) corresponding to the
elimination of methanol as observed for aromatic carboxylic acid model compounds. (C) The MS4
spectrum measured after CAD of [TMMS adduct + H – 2 MeOH]+ (m/z 189) showed fragment
ions corresponding to loss of CO2 (44 Da) or loss of C2H6O2Si (90 Da), enabling the differentiation
of the aromatic carboxylic acid functionality from aliphatic carboxylic acid functionality. The
fragment ion of m/z 91 was only observed for aliphatic carboxylic acids and sulfonamides.
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Figure 3.13 Calculated potential energy surface (at the M06-2X/6-311++G(d,p) level of theory)
for (A) proton transfer and formation of [TMMS adduct + H – MeOH]+ resulting from reaction of
protonated methanesulfonamide with TMMS (MS2 experiment), (B) elimination of methanol upon
CAD of [TMMS adduct + H – MeOH]+ (MS3 experiment), and (C) formation of ion of m/z 91
(CH3O(CH3)Si+OH) upon CAD of [TMMS adduct + H – 2 MeOH]+ (MS4 experiment). An
analogous mechanism applies to aliphatic carboxylic acids.
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3.4

Conclusions
In this study, gas-phase ion molecule reactions of trimethoxymethylsilane (TMMS) reagent

along with MSn experiments based on CAD were demonstrated to allow the differentiation of
sulfone, carboxylic acid and sulfonamide functionalities in protonated polyfunctional model
compounds from many other functionalities in a modified linear quadrupole ion trap mass
spectrometer (Figure 3.14). When compounds containing above functional groups were allowed
to react with TMMS, characteristic [TMMS adduct + H - MeOH]+ product ions were formed (MS2
experiments). Isolation and CAD of these product ions yielded fragment ions of m/z 75,105 and
123 diagnostic for sulfones (MS3 experiments). In contrast, CAD of the product ions derived from
aromatic and aliphatic carboxylic acids and sulfonamides resulted in the elimination of a second
methanol molecule upon CAD (MS3 experiments). Subsequently, CAD of these fragment ions
derived from aromatic carboxylic acids resulted in the elimination of molecules of MW 44 Da and
90 Da (MS4 experiments). On the other hand, CAD of the fragment ions (produced in MS3
experiments) derived from sulfonamides and aliphatic carboxylic acids yielded many different
fragment ions, including one common fragment ion of m/z 91 that was not observed for any of the
other functionalities. This fragment ion may be diagnostic for aliphatic carboxylic acids and
sulfonamides. Above observations enable the differentiation of sulfones and aromatic carboxylic
acids from each other and from sulfonamides and aliphatic carboxylic acids, as well as from all
the other functionalities studied. Differentiation of aliphatic carboxylic acids and sulfonamides
was not possible although they can be differentiated from all other functionalities.
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Figure 3.14 A general scheme for identification of aromatic carboxylic acid functionality (A),
sulfone functionality (B), and sulfonamide and aliphatic carboxylic acid functionalities together
(they cannot be differentiated) (C) by MSn experiments employing ion-molecule reactions of
protonated analytes with TMMS reagent.

Finally, the above methodology was successfully applied in the identification of aromatic
carboxylic acid and sulfone functionalities in polyfunctional compounds. However, four such
protonated polyfunctional compounds, i.e., albendazole sulfone, methionine sulfone, omeprazole
sulfone and sulindac, failed to yield the expected diagnostic products. For methionine sulfone,
omeprazole sulfone and sulindac, this behavior is rationalized by the presence of functionality that
is substantially more basic (for sulindac and methionine sulfone, by 23 kcal/mol, and for
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omeprazole sulfone, by 36 kcal/mol) than the sulfone or carboxylic acid functionality. However,
this PA difference is only 9 kcal/mol for albendazole sulfone. Based on the literature,20,23,24,27,28,29
molecules with two basic or acidic sites differing in PA or acidity by 8 kcal/mol or less can be
protonated/deprotonated at both sites upon ESI. In only one case, the PA difference was reported
to be 10 kcal/mol.20 Hence, PA differences greater than 8 kcal/mol appear to prevent ionization of
more than one site generally.
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MOLECULAR PROFILING OF CRUDE OIL BY USING
DISTILLATION PRECIPITATION FRACTIONATION MASS
SPECTROMETRY (DPF-MS)

4.1

Introduction
The light oil deposits of the world are depleting, which has generated a need to better

understand the chemical composition of crude oil of different origins. For example, this
information would enable producers to more accurately predict the possible interactions between
oil, surfactants, and reservoir rock, and thereby predict the efficiency and economic feasibility of
oil recovery.1–3 Further, the ability to obtain an accurate estimate of the average molecular weight
of crude oil would facilitate the optimization of refinery processes.4 This is especially important
for conversion of crude oil via reactions such as alkylation, dimerization, cracking, and
hydrotreating, since access to an accurate average molecular weight would enable a better
estimation of the amount of reagent required for the conversion.4
The challenge of analyzing crude oil is that it is a complex mixture, predicted to contain as
many or more compounds than the number of genes in the human genome.5 To study such complex
mixtures, powerful high-resolution mass spectrometers, such as Fourier transform ion cyclotron
resonance or orbitrap mass spectrometers, are desirable.6,7 These high-resolution instruments can
be used to determine the elemental compositions of ionized crude oil components, which facilitates
sorting them into different compound classes, such as heteroatom classes (containing oxygen,
nitrogen and/or sulfur) or compound types (e.g., with varying degrees of unsaturation or
aromaticity). While the information provided by these techniques is invaluable, problems
associated with the ionization methods employed include inefficient ionization, competition for
ionization, and matrix effects, all of which may reduce sensitivity toward or even entirely prevent
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the detection of some components of crude oil. Indeed, most of these studies have employed
atmospheric pressure chemical ionization (APCI) for nonpolar analytes,8 atmospheric pressure
photoionization (APPI) for aromatic analytes
analytes

10,11

7,9

and electrospray ionization (ESI) for polar

. Unfortunately, all these methods selectively ionize only some of the crude oil

components.
Above problems of competition for ionization and matrix effects are reduced when the mass
analysis is preceded by a chromatographic separation.12–14 Chromatography reduces the
complexity of the mixture by separating it into fractions, but it does not necessarily eliminate issues
with differing ionization efficiencies of the mixture components.
In this paper, a new separation and characterization method for crude oil is introduced, titled
Distillation Precipitation Fractionation Mass Spectrometry (DPF MS). DPF MS involves
separation of the crude oil into several fractions that contain compounds with similar chemical
characteristics, followed by molecular level characterization of each fraction by using an optimized
mass spectrometric method. The novelty of this method lies in the optimization of the ionization
and mass spectrometry method separately for each fraction by using representative model
compounds so that all compounds in each fraction are ionized at approximately the same efficiency
to yield stable ionized molecules, which makes the DPF-MS method semi-quantitative. Following
the weighing and analysis of each fraction, consideration of mass balance facilitated the molecular
profiling of the fractionated crude oil.
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4.2

Experimental Section

4.2.1

Sample

Freshly collected crude oil from an Illinois oil basin was provided by the Pioneer Oil Company
(Illinois). The crude oil was collected and stored in amber colored glass bottles to prevent oxidation,
and the container was tightly sealed with a screw cap to prevent loss of volatile compounds. The
viscosity and density of the crude oil (at 20 ⁰C) were measured to be 12.28 cP and 0.87 gm/cc,
respectively.

4.2.2 Chemicals and Materials
HPLC grade n-hexane (C6H14), dichloromethane (CH2Cl2) and isopropanol (i-C3H7OH) were
used as eluents in flash chromatography. Normal-Phase silica (40 g) auto column was purchased
from Teledyne Isco, Inc. A total of 23 model compounds were used in this study. Table 4.1 in the
gives details of the model compounds used and their purities.

Table 4.1 List of chemicals, their purities, and their suppliers.
Chemicals
1-Methylfluorene
3-Butylpyridine
5-Nonanone
n-Butylamine
Carbazole
Cycloheptane
1-Decene
n-Decylbenzene
Dibenzofuran
Dibenzothiophene
n-Dodecylbenzene
n-Heptadecyl-benzene
n-Hexylamine

Supplier
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Aldrich
Sigma-Aldrich
Sigma-Aldrich
Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Purity
98.0%
98.0%
98.0%
99.5%
95.0%
98.00%
> 95.0%
˃ 97.0% (GC)
98.0%
98.0%
˃ 97.0% (GC)
˃ 97.0% (GC)
99.0%
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Table 4.1, continued
Chemicals
n-Hexylbenzene
1-Hexyne
Isopropyl sulfide
Methylcyclopentane
1-Pentadecane
1-Phenyldodecane
3-Ethylcarbazole
5-α-Cholestane
Squalane
Pentatriacontane

Supplier
Aldrich
Aldrich
Sigma-Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Sigma
Aldrich
Sigma-Aldrich

Purity
97.0%
97.0%
99.0%
97.0%
> 98.0%
97.0%
97.0%
≥ 97.0%
99.0%
≥ 98.0% (GC)

4.2.3 Separation of Crude Oil into Fractions
Crude oil was separated into six fractions by using different techniques. As a first step, the
most volatile compounds in the crude oil were separated by vacuum distillation at room
temperature to yield fraction I (distillate) to avoid their loss during fractionation. The remaining
residue was separated into asphaltenes (fraction II) and maltenes (all remaining fractions) through
precipitation of the asphaltenes by using hexane as reported in the literature.15 Maltenes were
further chromatographically separated into three fractions (C6H14-eluted fractions III and IV
combined, CH2Cl2-eluted fraction V, and i-C3H7OH-eluted fraction VI) on an auto column
(Combi-flash Rf 200 from Teledyne Isco, Inc.) by using hexane (C6H14), dichloromethane (CH2Cl2)
and isopropanol (i-C3H7OH) as eluents. The C6H14-eluted fractions were further separated into
fractions III and IV by using a solid phase extraction technique reported in the literature.16,17
Further details of each separation step are provided in Table 4.2. All the fractions were weighted
gravimetrically to obtain mass balance and recovery.

108
Table 4.2 Parameters optimized for the chromatographic fractionation and detection of maltenes
by using a Combi-flash Rf 200 liquid chromatograph with photodiode array (PDA) detector and
external evaporative light scattering (ELSD) detector.
Parameters
Redisep Column
Run Length
Loading Type
Detection 1
Slope-Based Peak Width
Detection 1
Slope-Based Peak Width
External Detector
Slope-Based Peak Width
Threshold
Spray Chamber (SC)
Drift Tube (DT)
Gain (Gx)
Flow Rate
Equilibrium Volume
Rack A
Collection Method
Peak Tube Volume
Solvent A1
Solvent B1
Solvent A2

4.3

Silica 40 g
15.0 min
Solid
λ 1 (254 nm)
1 min
λ 1 (280 nm)
1 min
ELSD 340 CF
1 min
0.05
45 ◦C
55 ◦C
PREP (5V)
50 mL/min
Five column volumes
18 mm x 150 mm tubes
Peaks only
Maximum
n-Hexane
Dichloromethane
Isopropanol

Mass Spectrometry

4.3.1 GCxGC/TOF Mass Spectrometry
A LECO Pegasus 4D GCxGC/TOF instrument equipped with an Agilent 7890B gas
chromatograph (Agilent Technologies, Santa Clara, CA) and a high-resolution time-of-flight (TOF)
mass spectrometer (up to 50,000 resolution) was used for the analysis of the volatile compounds
(fraction I) in crude oil. Two columns (Rxi-17sil ms (intermediate polarity), 60 m and Rxi-1 ms
(nonpolar), 4 m) were connected in series by using a modulator that enhances the peak capacity
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available for the chromatographic system. After separation of the compounds, positive ion mode
electron ionization (EI) (70 eV) was used to ionize the compounds upon entrance into the mass
spectrometer. The EI mass spectra measured for unknown compounds were compared to extensive
EI mass spectral libraries for identification (NIST libraries). This analysis yielded a list of
identified compounds, their gas chromatographic peak areas and two retention times, their
chemical formulas and chemical classes, and the accurate m/z values for the ionized analytes.
Experimental conditions are detailed in Table 4.3.

Table 4.3 Optimal conditions used for the analysis of the distillate fraction (I) of crude oil by
GC/GC/(EI)TOF.
Detector
Acquisition rate
Acquisition Delay
Transfer Line Temperature
Source Temp
Column 1
Column 2
Column 1 Oven
Column 2 Oven
Modulation period
Modulator Temp Offset
Inlet
Injection
Carrier gas
Data processing
S/N
Mass for Area calculation
Spectral Match

LECO Pegasus 4D Time-of-Flight
Mass Spectrometer operated in EI mode (70 eV)
100 spectra/s
3 min
300
220
Rxi-17sil ms,60 m x 0.25 mm ID,
0.25 µm film thickness
Rxi-1ms, 4 m x 0.25 mm ID,
0.25 µm film thickness
40 °C for 0.2 min, to 100 °C at 6 °C/min
10 °C for 0.2 min, to 110 °C at 6 °C/min
8s
90°C (relative to the secondary Oven)
Split (300:1) at 220 °C
0.1 µL
Helium, 1 mL/min
200
dt
Peaks with a similarity index of 70% or more
were assigned identities based on the mass
spectral libraries
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Additionally, GCxGC/(EI)TOF was used to optimize the solid phase extraction parameters for
optimal separation of the C6H14-eluted fraction III from IV. The efficiency of solid phase extraction
was evaluated by monitoring the percentage of coelution or carryover of different chemical classes
of compounds into the separated fractions. Experimental conditions are detailed in Table 4.4.

Table 4.4 Optimal conditions and columns used for analysis of hexane eluted compounds before
and after solid phase extraction.
Detector
Acquisition rate
Acquisition Delay
Transfer Line Temperature
Source Temp
Column 1
Column 2
Column 1 Oven
Column 2 Oven
Modulation period
Modulator Temp Offset
Inlet
Injection
Detector Voltage
Carrier gas

LECO Pegasus 4D Time-of-Flight
Mass Spectrometer operated in EI mode (70 eV)
100 spectra/s
3 min
300
260
Rxi-5sil ms,30 m x 0.25 mm ID,
0.25 µm film thickness
Rxi-17sil ms, 1 m x 0.25 mm ID,
0.25 µm film thickness
30 °C for 0.4 min, to 140 °C at 4 °C/min
50 °C for 0.2 min, to 160 °C at 6 °C/min
6s
15°C (relative to the secondary Oven)
Split (300:1) at 220 °C
0.1 µL
1800 Volts
Helium, 1 mL/min
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4.3.2 LQIT Orbitrap XL Mass Spectrometry
All fractions (excluding the distillates fraction) were characterized using direct infusion
positive ion mode atmospheric pressure chemical ionization (APCI) combined with highresolution mass spectrometry. A linear quadrupole ion trap (LQIT) coupled with an orbitrap, LTQ
Orbitrap XL mass spectrometer (Thermo Fischer Scientific, San Jose, CA), with a maximum
resolution of 100,000 (at m/z 400) was used for the analysis. The optimized ionization methods,
including solvents and ionization reagents, tube lens voltages, types of the sheath and auxiliary
gases, and temperatures, chosen for the analysis of the different fractions are shown in Table 4.5.

112
Table 4.5 Ionization methods and optimal ion source parameters for direct injection high-resolution mass spectral analysis of crude oil
fractions.
Fraction II
(asphaltenes)
Ionization Method and Mode
Solvents
Type of Ions Produced Upon
Ionization
Sample Concentration (mg
mL-1)
Flow Rate (µL min-1)
Sheath and Auxillary
Nebulization Gas
Vaporizer Temperature (°C)
Sheath Gas Flow Rate (AU)a
Auxillary Gas Flow Rate (AU)a
Capillary Temperature (°C)
Discharge Current (mA)
Capillary Voltage (V)
Tube Lens Voltage (V)
a
AU = Arbitrary units

(+)APCI
Carbon disulfide

Fraction III
(saturated
hydrocarbons)
(+)APCI
n-Hexane

Fraction IV
(aromatic
hydrocarbons)
(+)APCI
Carbon
disulfide

M+●

[M-H]+

1

1

5
N2

10
2

2

400
40
20
350
4.7 O
35
50

150
60
30
50 N
4.5
10
20

300
20
10
275N
4.5
25
50

+●

+●

0.5
M

3

Fraction V
(heteroaromatic
compounds)
(+)APCI
Carbon disulfide

M

Fraction VI
(polar
compounds)
(+)APCI
n-Hexane,
methanol
(25:75)
[M+H]+

0.5

1

3

1

2

300
20
10
275N
4.5
25
50

2

300
40
20
275
4.5
30
50
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4.3.3 Ionization Methods
Positive ion mode atmospheric pressure ionization methods using different nebulizing gases
and solvents, such as APCI/N2/CS2, APPI/N2/CS2, APCI/O2/n-hexane, APCI/N2/n-hexane,
APCI/N2/n-hexane and methanol, APCI/N2/toluene, APCI/N2/methanol, and ESI/N2/methanol,
were tested for specific fractions (II, III, IV, V and VI). Three different APCI techniques were
identified to be most effective for these five fractions. APCI/N2/CS2 was selected for the analysis
of fractions II, IV, and V, APCI/O2/n-hexane for fraction III, and APCI/N2/n-hexane, and methanol
for fraction VI. The optimized parameters used for the ionization of compounds in these fractions
are summarized in Table 4.5.
Xcaliber version 2.2 (Thermo Fischer Scientific, Inc, San Jose, CA) was used for data
acquisition and analysis. The normalized peak height threshold for peak picking was 5%. After
peak picking, elemental formulas were assigned based on accurately measured m/z values that
were within 3 ppm from the theoretical value (accepted mass accuracy with external calibration).
Elements used for formula assignments were carbon, hydrogen, nitrogen, oxygen and sulfur.
While no limits were placed on the number of carbons and hydrogens used for the elemental
composition assignment, limits of 4 nitrogen, 5 oxygen, and 5 sulfur atoms were used. The degree
of unsaturation, also known as ring and double bond (RDB) equivalence, represents the number of
rings plus the number of double bonds in a molecule. This value was calculated based on the
assigned elemental composition by using Equation 4.1. Data sorting for plotting the graphs and
heteroatom classification was performed using Excel. RDB equivalence versus carbon number
plots and heteroatom distribution plots were prepared by using OriginPro (version 93E).
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4.3.4 Data Processing of High-Resolution Mass Spectral Data
Xcaliber version 2.2 (Thermo Fischer Scientific, Inc, San Jose, CA) was used for data
acquisition and analysis. The normalized peak height threshold for peak picking was 5%. After
peak picking, elemental formulas were assigned based on accurately measured m/z values that
were within 3 ppm from the theoretical value (accepted mass accuracy with external calibration).
Elements used for formula assignments were carbon, hydrogen, nitrogen, oxygen and sulfur.
While no limits were placed on the number of carbons and hydrogens used for the elemental
composition assignment, limits of 4 nitrogen, 5 oxygen, and 5 sulfur atoms were used. Data sorting
for plotting the graphs and heteroatom classification was performed using Excel. RDB equivalence
versus carbon number plots and heteroatom distribution plots were prepared by using OriginPro
(version 93E). Different equations used during for data processing and analysis such as average
molecular weight determination, RDB equivalence are provided below.
The degree of unsaturation, also known as a ring and double bond (RDB) equivalence,
represents the number of rings plus the number of double bonds in a molecule. Ring and double
bond (RDB) equivalence were calculated for ions with elemental formulas CcHhNnOoSs as shown
below in Equation (4.1) below.
h n
RDB equivalence = c - + +1
2 2

(4.1)

The experimental average molecular weight of the distillate (fraction I) analyzed by using
GCxGC/(+)EI TOF was determined using Equation (4.2). (Expected ion m/z based on spectral
library matches were used for the AVG MW determination in this equation).
AVG MW experimental =

 (Ion m/z x GC peak area)
 GC peak area

(4.2)
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The experimental average molecular weight of fractions analyzed by (+)APCI/N2 /CS2 LQITorbitrap was determined using Equation (4.3). (Molecular ion m/z were used for the MW
determination in this equation)
AVG MW experimental =

 (Ion m/z x Abundance)
 Abundance

(4.3)

The experimental average molecular weight of samples analyzed by (+)APCI/O2 /hexane LQITorbitrap was determined using Equation (4.4). [M-H]+ ions were generated and therefore, (ion
m/z+1) was used in this equation.
Avg MW experimental 

((Ion m/z + 1)  Abundance)
 Abundance

(4.4)

The experimental average molecular weight of samples analyzed by (+)APCI/N2/hexane,
methanol LQIT-orbitrap MS was determined using Equation (4.5). [M+H]+ ions are generated and
therefore, (ion m/z-1) was used in this equation.
Avg MW experimental 

((Ion m/z - 1)  Abundance)
 Abundance

(4.5)

The average molecular weight of fractionated crude oil can be obtained from the average molecular
weights of individual fractions and their gravimetric weights by using below Equation (4.6).

Avg MW of
(Avg MW of individual fractions  Gravimetric weight %)
fractionated oil 
 Gravimetric weight %

(4.6)

The percentage distribution of individual compound classes in whole crude oil was determined
from the compound class data obtained from individual fractions and their gravimetric weights by
using below Equation (4.7).
% Compound class
distribution in whole crude oil



((distribution for individual fractions)  weight %)
100

(4.7)
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The theoretical Avg MW for all model compound mixtures studied was calculated using below
Equation (4.8).
Avg MW theoretical 

4.4

((MW)  Concentration)
 Concentration

(4.8)

FTIR Analysis
FTIR measurements were performed on all the separated crude oil fractions with a Nicolet

6700 FTIR spectrometer (Thermo Scientific). The FTIR spectra were collected using a liquid N2
cooled MCT (HgCdTe) detector. The scans involved wave numbers from 4000 up to 650 cm-1
with a resolution of 2 cm-1 and 64 scans co-added per sample. The spectrum of each fraction was
corrected against the background spectrum obtained from the clean, dry cell. Attenuated total
reflectance (ATR-FTIR) measurements were made using two different methods. For liquid
fractions with sufficient volume of 0.5 mL, a 10-bounce horizontal ATR cell (Pike Technologies,
Madison, WI) was used. The internal reflection element (IRE) used was a ZnSe crystal with
dimensions of 73 mm by 7 mm and an angle of incidence of 45°. The total volume of the cell is 2
ml. For viscous fractions or semi-solid materials (e.g., asphaltenes), a single bounce diamond
ATR cell (GladiATRTM Pike Technologies) was used.

4.5

Results and Discussion
In order to illustrate some of the problems associated with detection of all compounds in crude

oil by mass spectrometry without prior separation, a simple equimolar mixture containing typical
crude oil components, i.e., two alkylaromatic compounds (n-decylbenzene, n-hexylbenzene), an
alkane (pentadecane), two cycloalkanes (cycloheptane, methylcyclopentane), an alkene (1-decene)
and an alkyne (1-hexyne), was analyzed by using APCI and APPI. This mixture cannot be ionized
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using the traditional ESI, APCI and APPI solvent systems, water and/or methanol, as the
hydrocarbons are not soluble in these solvents. CS2 has been successfully used in the past as a
solvent for APCI of hydrocarbon mixtures.8 Therefore, the model compound mixture was
dissolved in CS2 and analyzed by using both APCI/N2/CS2 (N2 was used as the nebulizing gas)
and APPI/N2/CS2 ionization methods in an LQIT-orbitrap MS. Figure 4.1shows the APCI/N2/CS2
mass spectrum of the model mixture.

Figure 4.1 APCI/N2/CS2 mass spectrum of an equimolar mixture (1 mM) of seven nonpolar model
compounds measured using an injection flow rate of 5 µL/min. Linear alkane and alkene yielded
several fragment ions, including those of m/z 57, 70, 71 and 85. Cycloalkanes generated molecular
ions (M+●) as well as [M-H]+ ions. Alkylaromatic compounds and the alkyne generated
predominantly stable molecular ions.

Compounds in this mixture were also analyzed individually by using APCI/N2/CS2 to identify
the ions (fragment ions and intact molecular ions) produced by each individual compound. The
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linear alkane fragmented completely upon ionization, generating fragment ions of m/z 57, 71 and
85 and no visible molecular ions, which makes detection of this analyte challenging. The alkyne
generated stable molecular ions as well as minor fragment ions of m/z 67. The alkene also
produced both stable molecular ions as well as fragment ions of m/z 57 and 70. However, the
fragmentation was extensive, with some fragment ions having an equal abundance as the molecular
ions. The alkylaromatic compounds were observed to generate mostly stable molecular ions, with
minimal fragmentation to form ions of m/z 92. The cycloalkanes generated stable molecular ions,
molecular ions that had lost a hydrogen atom and fragment ions of m/z 56, which complicates data
analysis. APPI/N2/CS2 produced similar results (Figure 4.2).

Figure 4.2 APPI/N2/CS2 mass spectrum of an equimolar mixture comprising of seven model
compounds obtained at an injection flow rate of 5 µL/min and a tube lens voltage of 50 V.
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In conclusion, the mass spectrum shows more fragment ions than molecular ions, and the
molecular ions of different compounds have widely differing relative abundances. Some molecular
ions fragment only to a small extent while others fragment extensively. One of the compounds did
not produce stable molecular ions at all and hence cannot be easily detected in a mixture. Accurate
characterization of the mixture based on these data is not possible. However, if this sample was
first separated into different chemical classes, then an ideal ionization method could be selected
and optimized for the mass spectrometric analysis of each fraction. This is the approach presented
here for the analysis of crude oil.
The methods selected here for the separation of crude oil into six fractions are discussed first.
Then, the bulk characterization of each fraction by using FTIR spectroscopy is detailed to
determine the classes of compounds in each fraction. This information was used to select
appropriate model compounds for each fraction that were then used to develop the optimal analysis
method for each fraction.

4.5.1 Separation of Crude Oil
Distillation, precipitation, auto column fractionation and solid phase extraction were used
to separate the compounds in the crude oil into six fractions based on their differences in volatility,
solubility, and polarity. A schematic for the complete separation process is presented in Figure 4.3.
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Figure 4.3 DPF scheme for separation of crude oil into six fractions I - VI.

As the first step, the most volatile compounds in the crude oil were separated by roomtemperature vacuum distillation from the nonvolatile portion (residue) to generate fraction 1. The
remaining residue was separated into asphaltenes (fraction II) and maltenes (all remaining
fractions) through precipitation of the asphaltenes by using n-hexane as described in the
literature.15 Maltenes were chromatographically separated into three fractions (n-hexane-eluted
fraction (corresponding to fractions III and IV) and fractions V and VI) based on their differences
in polarity. This was accomplished by using an auto column coupled with evaporative light
scattering (ELSD) and UV detectors and the solvents n-hexane (n-C6H14), dichloromethane
(CH2Cl2) and isopropanol (i-C3H7OH), used in this order. Figure 4.4 shows a typical auto column
chromatogram of maltenes.
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Figure 4.4 Auto column-ELSD/UV chromatogram of maltenes, indicating the separation of
maltenes into three fractions. The presence of both ELSD and UV signals in the later eluting part
of the n-hexane-eluted fraction indicates co-elution of aromatic compounds along with aliphatic
compounds (no UV absorption).

The presence of both ELSD and UV signals in the later eluting part of the hexane-eluted
fraction (Figure 4.4) indicated co-elution of two different analyte classes, aliphatic (no UV
absorption) and aromatic hydrocarbons. To test this hypothesis, this fraction was analyzed using
GCxGC/(EI)TOF MS. Indeed, based on the total ion current GC/GC chromatogram (Figure 4.5A),
the n-C6H14-eluted fraction is a co-eluted mixture of heavy saturated (cyclic, linear and branched)
and light aromatic hydrocarbons. Therefore, an additional separation step was necessary. The
saturated and aromatic hydrocarbon classes in the n-hexane-eluted fraction were separated via
solid phase extraction to produce fractions III (heavy saturated hydrocarbons) and IV (light
aromatic hydrocarbons), thus bringing the total number of maltene fractions from three to four (the
last two being fractions V and VI eluted by dichloromethane and isopropanol, respectively). The
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success of the solid phase extraction was evaluated by using GCxGC/(EI)TOF MS to analyze
fraction III (Figure 4.5B). This analysis revealed a small percentage (~9% based on GC peak areas)
of aromatic hydrocarbon carryover into the saturated hydrocarbon fraction (III), which could not
be avoided.
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Figure 4.5 Total ion chromatogram measured using GCxGC/((+)EI)TOF for A) n-C6H14-eluted compounds (fractions III and IV), and
B) heavy saturated compounds (fraction III) separated from n-C6H14-eluted compounds by using solid phase extraction. Linear and
branched saturated, aromatic and cyclic saturated compounds are color coded. A small percentage (8%) of carryover of aromatic
compounds into the heavy saturated compounds was observed even after solid phase extraction.
123
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After the separation of the crude oil into six fractions, each fraction was gravimetrically
weighted. The gravimetric weight percentages of the fractions I, II, III, IV, V and VI are 8%, 1%,
44%, 21%, 9% and 8%, respectively (Table 4.6). The separation method can achieve about 92%
sample recovery. Before high-resolution mass spectral analysis of the individual fractions, they
were studied by using FTIR spectroscopy to determine the bulk chemical nature of each individual
fraction, such as polarity and the extent of aromaticity.

Table 4.6 Gravimetric weight percent distribution of crude oil fractions obtained using DPF
separation method.

Fraction I
Fraction II
Fraction III
Fraction IV
Fraction V
Fraction VI
Total Recovery

Trial 1
(%)
8.6
1.1
42.7
23.0
9.3
6.7
91.4

Trial 2
(%)
7.2
1.7
46.3
18.9
10.2
8.3
92.6

Trial 3
(%)
8.2
0.9
43.9
21.7
8.5
8.7
91.9

Average
(%)
8.0
1.2
44.3
21.2
9.3
7.9
92.0

Standard deviation

± 0.7
± 0.4
± 1.8
± 2.1
± 0.9
± 1.1

It should be noted here that minor amounts of polymers and surfactants, if present in the
crude oil due to contamination, eluted from the auto column when a fourth solvent, methanol, was
used after isopropanol elution. Analysis of this fraction using (+)ESI allowed for the ionization
and detection of these contaminants (Figure 4.6A). ESI mass spectrum of methanol eluted fraction
obtained from pristine crude oil did not show these compounds (Figure 4.6B).
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Figure 4.6 A) (+) ESI mass spectrum of methanol eluted fraction of maltenes indicating the
presence of polymers in a contaminated crude oil sample. The red dotted line indicates
polypropoxylates (repeating unit 58 Da) and the blue dotted line indicates polyethoxylates
(repeating unit 44 Da). B) (+) ESI mass spectrum of methanol eluted fraction of a pristine noncontaminated crude oil. This mass spectrum indicates that no compounds other than contaminants
eluted upon methanol elution.

4.5.2 Characterization of Individual Fractions by FTIR Spectroscopy
All the FTIR band absorptions and the corresponding functional groups are summarized in
Table 4.7. FTIR spectra measured from wave numbers 3600 up to 2200 cm-1 and from 2000 up to
600 cm-1 for all crude oil fractions are given in Figure 4.7.
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Table 4.7 FTIR absorption bands and their functional group assignments.
Functional group
=C-H aromatic stretch
CH3 asymmetric and symmetric stretch
CH2 asymmetric and symmetric stretch
C=O stretch
NH2 bending vibrations
C=C stretch
CH3 or CH2 deformations
CH3 deformation
C-O stretch
Aromatic C-H deformation (“oop” bands)

Absorption band (cm-1)
3020-3100
2950 and 2872
2920 and 2830
1700
1650-1550
1600
1460
1380
970-1250
900-730

Figure 4.7 FTIR spectra from 3600-2600 cm-1 and 2000-600 cm-1 measured for the crude oil
fractions.

The strong bands at 2952, 2921, and 2852 cm-1 correspond to CH3 and CH2 aliphatic stretching
vibrations and the absorption bands at 1456 and 1376 cm-1 correspond to CH3 and CH2 aliphatic
bending vibrations (deformation bands). These absorptions were seen for all the fractions. The
ratio between the intensities of some characteristic absorption bands can be used to investigate the
bulk characteristic of the fractions. For example, the ratio between the intensities of the -CH3 (2952
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cm-1) and -CH2 (2921 cm-1) asymmetric vibration bands for fraction I (distillate) is close to one,
which may indicate significant branching. The bands at 3050 cm-1 (=C-H aromatic stretching
vibrations), 1600 cm-1 (aromatic C=C stretching vibrations) and the out-of-plane (oop) C-H
deformation bands at 900-730 cm-1 (aromatic C-H in-plane and out-of-plane bending vibrations)
are characteristic of an aromatic functionality. These bands were observed for fraction II
(asphaltenes), fraction IV (aromatic compounds) and fraction V (heteroaromatic compounds). The
extent of aromaticity in these fractions was evaluated by considering the ratio between the bands
corresponding to aromatic C=C stretching (1600 cm-1) and aliphatic C-H deformation (1460 cm1

). The aromatic character is more pronounced in fraction II (asphaltenes), followed by fraction V

(heteroaromatic compounds) and fraction IV (aromatic compounds). The fraction VI (polar
compounds) showed little aromatic character. The C=O stretching band around 1700 cm-1 was
seen for fraction II (asphaltenes) and fraction VI (polar compounds). The band around 1030 cm-1
can be assigned to C-O stretching vibrations of either ethers, alcohols or sulfoxides. While these
bands were pronounced for fraction VI (polar compounds), only tiny bands corresponding to them
were observed for fraction II (asphaltenes) and fraction V (heteroaromatic compounds) of crude
oil. The band around 1650-1550 cm-1 that was seen only for fraction VI (polar compounds)
corresponds to NH2 scissoring vibrations. To summarize, the spectra measured for fractions I and
III indicated the presence of saturated compounds. Spectral analysis of asphaltenes (fraction II)
and heteroaromatic compounds (fraction V) revealed the presence of heteroatoms and significant
aromatic signatures and only differed in the extent of aromaticity. Analysis of polar compounds
(fraction VI) indicated the presence of heteroatoms with minimal signs of aromaticity. Spectral
analysis of aromatic hydrocarbons (fraction IV) showed aromatic signatures and the presence of
alkyl chains.
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To summarize, the spectra measured for the distillate (fraction I) and for the heavy saturated
hydrocarbons (fraction III) indicated the predominant presence of saturated hydrocarbons in both
fractions. Spectral analysis of the asphaltenes (fraction II) revealed the presence of heteroatoms
and significant aromaticity, as expected. The spectrum measured for light aromatic hydrocarbons
(fraction IV) indicated the presence of only alkyl aromatic compounds. The spectrum of
dichloromethane eluted compounds (fraction V) revealed the presence of heteroatoms and
significant aromaticity similar to asphaltenes (fraction II). This fraction is therefore referred to as
heteroaromatic compounds from now on. The isopropanol-eluted compounds (fraction VI) were
found to contain heteroatoms and have minimal aromaticity. This fraction will be referred to as
polar compounds from now on. This bulk information obtained from the FTIR spectral analysis
was used to select model compounds to represent the compound types present in the different
fractions in order to identify or develop an optimal analysis method for each fraction.

4.5.3 Identification of an Ionization Method for Each Individual Fraction
Based on the FTIR results, the distillate (fraction I) contains saturated hydrocarbons. As this
fraction is volatile, compounds in it were separated and analyzed using GCxGC/electron ionization
(EI) high-resolution time-of-flight (TOF) MS. EI is a universal ionization method (can ionize all
organic compounds) and it provides library-searchable, highly reproducible mass spectra, which
allowed for the identification of many of the compounds. The suitability of this method for the
semi-quantitative analysis of volatile saturated hydrocarbons has been evaluated earlier by using
model compound mixtures.18 The most abundant compounds identified in this fraction are alkanes
and cycloalkanes containing 7– 10 carbons.
The remaining five nonvolatile fractions were analyzed using methods other than GCxGC/MS
as this method can be used only for relatively volatile compounds. FTIR spectral analysis of
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fractions II (asphaltenes), IV (light aromatic compounds) and V (heteroaromatic compounds)
revealed the predominant presence of aromatic compounds. The APCI/N2/CS2 method is well
suited for the ionization of this type of compounds as it has been reported 8 to ionize different types
of aromatic analytes at nearly equal efficiency via predominant formation of stable molecular ions
without substantial fragmentation (see Figure 4.8). Therefore, compounds in the fractions II, IV
and V were ionized by using this method. Other ionization methods, such as APCI/N2/toluene and
APCI/N2/methanol, were also examined. However, they were found to be less successful than the
APCI/N2/CS2 ionization method (see Figure 4.8).

Figure 4.8 APCI/N2/CS2, APCI/N2/toluene and APCI/N2/methanol mass spectra of an equimolar
mixture (1 mM) containing aromatic and heteroaromatic model compounds. While APCI/N2/CS2
successfully ionized all the four model compounds in the model mixture at roughly equal
efficiencies, the other two methods could not replicate the same.
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Though APCI/N2/CS2 method has been demonstrated to be successful in ionizing polyaromatic
model compounds with long alkyl chains without substantial fragmentation,8 ionization of
monoaromatic model compounds with long alkyl chains (n-phenyldecane, n-phenyldodecane and
n-heptadecylbenxene) was observed here to result in the formation of a fragment ion of m/z 92
(toluene radical cation) (see Figure 4.9). All three compounds studied generate this fragment ion.

Figure 4.9 APCI/N2/CS2 mass spectrum of an equimolar mixture of three aromatic compounds
containing long alkyl chains.

The APCI/N2/CS2 ionization method discussed above is inappropriate for the analysis of
heavy saturated hydrocarbons (fraction III) based on a study of an equimolar mixture containing
cholestane (a cyclic alkane), squalene (a branched alkane), and pentatriacontane (a linear alkane)
(Figure 4.10B). This method generates stable molecular ions for the cyclic alkane but [M-H]+ ions
for the linear and branched alkanes. Also, the cyclic alkane is ionized at substantially greater

131
efficiency than the linear and branched alkanes. In addition, considerable fragmentation was
observed (~22%) especially for linear and branched alkanes. Field ionization is a soft ionization
method most commonly employed by the petroleum industry for the ionization of heavy saturated
hydrocarbons.19 However, this ionization method suffers from poor reproducibility.20 Therefore,
the heavy saturated hydrocarbons (fraction III) were instead ionized by using an alternative APCI
method. APCI with oxygen as the nebulizer gas and n-hexane as the solvent (APCI/O2/n-hexane)
has been reported 20 to produce comparable results to FI in ionizing large saturated hydrocarbons.
Figure 4.10A shows that the APCI/O2/n-hexane method generates stable [M-H]+ ions via hydride
abstraction with minimal fragmentation (< 4-6 %) and with a similar ionization efficiency for
cholestane, squalene, and pentatriacontane.

Figure 4.10 (A) APCI/O2/n-hexane mass spectrum measured at an injection flow rate of 5 µL min1
and tube lens voltage of 20 V and (B) APCI/N2/CS2 mass spectrum measured at an injection flow
rate of 5 µL min-1 and tube lens voltage of 30 V for an equimolar mixture (1 mM) comprised of
saturated hydrocarbon model compounds (no ions were observed below m/z 200).
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Based on the FTIR results fraction VI (polar compounds) contains mostly heteroatomcontaining non-aromatic compounds. Analysis of an equimolar mixture of nonaromatic
compounds with different heteroatoms (n-butylamine, n-hexylamine, 5-nonanone and diisopropyl
sulfide) by using the APCI/N2/CS2 method revealed generation of more than one ion type for each
component except for the amines in Figure 4.11, which makes this method unsuitable for fraction
VI.

Figure 4.11 APCI/N2/CS2 mass spectrum of an equimolar mixture (1 mM) of nonaromatic
heteroatom containing model compounds obtained at an injection flow rate of 5 µL/min and a tube
lens voltage of 50 V. While amines produced only protonated analyte ion, other analytes produced
more than one ion type per analyte (*denotes chemical noise peaks).
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As these analytes should be easy to protonate, the traditional APCI/N2/methanol method
was explored. Unfortunately, polar compounds (fraction VI) derived from crude oil are not
completely soluble in methanol. Therefore, the fraction was first dissolved in a small amount of nhexane (approx. 15-25% of final volume) followed by dissolution in methanol (approx. 75-85%
of final volume). Interestingly, while pure hexane and methanol are not miscible with each other,
they are completely miscible in the presence of the polar compounds isolated from the crude oil.
Figure 4.12 shows the mass spectrum obtained for the model compound mixture (n-butylamine,
n-hexylamine, 5-nonanone and diisopropyl sulfide) by using the (+)APCI/N2/hexane, methanol
ionization method. Only protonated compounds with reasonably similar relative abundances were
observed. It is important to note that at higher injection flow rates (> 20 µL min-1) and/or higher
concentrations (> 5 mM), competition for ionization and adduct formation was observed, leading
to more than one type of ion for each compound (Figure 4.13). The optimized ionization
conditions required for ideal analysis of polar compounds (fraction VI) are provided in Table 4.5.

Figure 4.12 APCI/N2/n-hexane, methanol mass spectrum of an equimolar mixture (1 mM) of
nonaromatic polar compounds measured at an injection flow rate of 1 µL min-1 and tube lens
voltage of 50 V (* denotes solvent peaks).
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Figure 4.13 APCI/N2/hexane, methanol mass spectrum of an equimolar mixture (0.1 mM) of
nonaromatic heteroatom containing model compounds obtained at a flow rate of 10 µL/min and a
tube lens voltage of 50 V. Adduct formation was observed at higher flow rates (>5 µL/min).

135
4.5.4 Characterization of Crude Oil Fractions by Using High-resolution Mass Spectrometry
The high-resolution mass spectrometry instruments and ionization methods that were
selected for the analysis of the individual crude oil fractions based on model compound studies are
summarized in Figure 4.14.

Figure 4.14 Instruments and ionization methods used for high-resolution mass spectral analysis of
the six fractions of crude oil.

Based on the total ion-chromatogram (Figure 4.15A) obtained for the distillate (fraction I) by
using a high-resolution GCxGC/((+)EI)TOF mass spectrometer (for the conditions, see Table 4.3)
the majority of its components are cyclic and acyclic saturated hydrocarbons with a small
percentage of small aromatic hydrocarbons. An earlier examination of equimolar model compound
mixtures containing cyclic and acyclic saturated hydrocarbons and aromatic hydrocarbons (same
compound classes as in the distillate) by using the same mass spectrometer revealed similar
instrumental average relative response factors for the cyclic and acyclic saturated hydrocarbons
are similar. 18 However, aromatic hydrocarbons were observed to show 30-40% higher response
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than saturated hydrocarbons.18 Since most compounds in the distillate (fraction I) are saturated
hydrocarbons, this method should yield semi-quantitative information for the distillate.
Figure 4.15B shows the (+)APCI mass spectra obtained for the five nonvolatile crude oil
fractions by using high-resolution LQIT Orbitrap mass spectrometers (for conditions, see Table
4.5). The data obtained under these optimized conditions are semi-quantitative and provide the
MW values and elemental compositions for most of the compounds in the fractions. Analysis of
these data is discussed below.
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Figure 4.15 A) GCxGC/((+)EI)TOF total ion chromatogram for the distillate (fraction I) of the crude oil. The aromatic hydrocarbons
are color coded in red and saturated hydrocarbons in black. B) Positive ion mode APCI mass spectra obtained for the five nonvolatile
crude oil fractions (fractions II–VI). Avg MW denotes the weighted average molecular weight (discussed below).
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4.5.4.1 Average Molecular Weight (Avg MW) of the Crude Oil
In order to test the accuracy of the optimized mass spectrometry methods discussed above for
the determination of the average molecular weights (Avg MW) of the crude oil fractions and
ultimately the crude oil itself, the experimental Avg MW was determined for the three model
compound mixtures discussed above by using the optimized methods (Table 4.8). Similarly, results
have been reported for the equimolar model compound mixture containing volatile hydrocarbons
(n-decane, n-dodecane, n-propylcyclohexane, isopropylbenzene and n-butylbenzene) analyzed
previously by using the same GCxGC/((+)EI)TOF mass spectrometer (Table 4.8).18 The
experimental Avg MW, theoretical Avg MW and experimental errors for all the model mixtures
are summarized in Table 4.8. From these data, it is evident that the determination of the average
molecular weights for the model compound mixtures was quite accurate (the error for four of the
mixtures was < 3%; the greatest error, 7 %, was observed for the mixture containing alkyl benzenes
with long alkyl chains). These findings are summarized in Table 4.8.
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Table 4.8 Experimental errors in Avg MW obtained using optimized ionization methods for five different model compound mixtures.

1. Small Cyclic, Linear and Aromatic
Compounds[18]
n-Propylcyclohexane
n-Dodecane
Isopropylbenzene
n-Decane
n-Butylbenzene
2. Aromatic and Heteroaromatic Compounds
Dibenzofuran
Methylfluorene
Dibenzothiophene
Ethyl carbazole
3. Alkyl Aromatic Compounds
1-Phenyldecane
1-Phenyldodecane
Heptadecyl benzene
4. Cyclic, Linear And Branched Saturated
Compounds
Cholestane
Squalane
Pentatriacontane

Molecular
weight

Ionization mode and method
and type of ions generated

Experimental
Avg MW

Theoretical
Avg MW

Experimental
error (%)

126
170
120
142
134

(+)electron impact ionization
Molecular ions [M+.]

137 Daa, [18]

138 Dab

1%

(+)APCI/N2/CS2
Molecular ions [M+.]

181 Dac

181 Dab

0%

(+)APCI/N2/CS2
Molecular ions [M+.]

243 Dac

260 Dab

7%

(+)APCI/O2/ hexane
Pseudo molecular ions [M-H]+

423 Dad

428 Dab

1%

(+)APCI/hexane, methanol/N2
Protonated ions [M+H]+

112 Dae

109 Dab

3%

168
180
184
195
218
246
316
372
422
492

5. Polar Compounds
n-Butylamine
n-Hexylamine
Diisopropyl sulfide
5-Nonanone
a

b

c

d

Calculated using Eq. 4.2
Calculated using Eq. 4.3
e
Calculated using Eq. 4.5

73
101
118
142

Calculated using Eq. 4.8
Calculated using Eq. 4.4
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The Avg MW for all the crude oil fractions (I, II, III, IV, V and VI) analyzed by using the optimized
mass spectrometric methods are summarized in Table 4.9. Interestingly, the Avg MW for all the
fractions excluding the distillate (fraction I) ranged between 496 to 570 Da.

Table 4.9 Avg MW of crude oil determined from the Avg MW of individual fractions (determined
using Equations 4.2 – 4.6) and their percent gravimetric weights.
Fractions of crude oil
Fraction I (distillate)
Fraction II (asphaltenes)
Fraction III (heavy saturated hydrocarbons)
Fraction IV (aromatic hydrocarbons)
Fraction V (heteroaromatic compounds)
Fraction VI (polar compounds)
Avg MW of fractionated crude oil

Avg MW
(Da)
141
570
496
504
527
532
473

Weight
(%)
8
1
45
20
9
6
100

Although it has been convincingly proven earlier (for example, see Figure 4.1) that direct
analysis of crude oil without prior separation is far from ideal, a mass spectrum was measured for
the unfractionated crude oil by using the APCI/N2/CS2 ionization method for comparison purposes
(Figure 4.16).
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Figure 4.16 APCI/N2/CS2 mass spectrum of unfractionated crude oil obtained at an injection flow
rate of 5 µL/min and a tube lens voltage of 50 V. Avg MW denotes the weighted average molecular
weight (All the ions observed in the mass spectrum were considered to determine the molecular
weight).

The Avg MW of the unfractionated crude oil determined based on this mass spectrum was
460 Da (obtained using Equation 4.3). This value is close to that measured for the fractionated
crude oil (473 Da; Table 1) in spite of the fact that the APCI/N2/CS2 ionization method completely
fragments acyclic saturated hydrocarbons (see Figure 1). The similarity of these values may be
explained based on the similar Avg MW values measured for the individual fractions except for
the distillate (fraction I), and the relatively low weight percent of this fraction. This may not be
true for other crude oils. A study comparing the compositions and Avg MWs of crude oils with
different origins is underway.
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4.5.4.2 Molecular Profiling of Crude Oil
High-resolution MS data were employed to assign elemental compositions and ring and
double bond (RDB) equivalence values for ionized compounds derived from the different crude
oil fractions. RDB equivalence plots provide information on the degree of unsaturation and number
of rings in the compounds, specifically, the number of alicyclic and aromatic rings and double and
triple bonds.

4.5.4.2.1 RDB Equivalence Plots
Figure 4.17 shows the RDB equivalence versus carbon number (RDB equivalence plots)
for ionized compounds derived from the six different fractions of the crude oil. Ions containing the
heteroatoms N, O and/or S are color coded in the figure for visual differentiation.
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Figure 4.17 Color-mapped bubble plots of the ring and double bond (RDB) equivalence versus
carbon number for ionized compounds derived from the six crude oil fractions that were separated
and characterized by using the DPF MS method. Bubble size indicates the relative abundance of
the ions.

Based on these data, most of the hydrocarbons in the distillate (fraction I) are saturated,
and some contain ring structures. Further, a small number of aromatic compounds (with RDB > 4)
were detected, in agreement with the mass spectrometry data discussed above (Figure 4.15A).
Most of the compounds in this fraction contain 7-10 carbons and have RDB values of either one
or two (minimal degree of unsaturation).
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The RDB equivalence plot for heavy saturated hydrocarbons (fraction III) surprisingly
indicated the presence of compounds with large RDB values (up to 8; Figure 4.17). This could be
due to the presence of aliphatic or aromatic rings, or double or triple bonds. However, since the
FTIR data for fraction III revealed no aromatic, alkene or alkyne signatures (Figure 4.7), the large
RDB values can be attributed to the presence of compounds containing 1-8 saturated rings. Most
of the compounds in this fraction contain 10-35 carbons. Finally, some compounds in fraction III
contain a heteroatom, specifically, sulfur (see discussion on compound class distributions below).
Most compounds in the aromatic hydrocarbon group (fraction IV) contain 15-45 carbons.
No aliphatic compounds were detected as all the RDB values are greater or equal to four as
expected based on FTIR analysis. However, some heteroatom containing compounds were
observed and are discussed in the next section.
Most compounds in the heteroaromatic and polar compound groups (fractions V and VI)
contain heteroatoms, but these two fractions differ drastically from each other in their carbon
number and extent of aromaticity (Figure 4.17). The majority of the compounds in fraction V
contain 15-50 carbons while the compounds in fraction VI only contain 12-35 carbons. While the
heteroaromatic compound group contains both aromatic compounds (RDB > 4) and nonaromatic
compounds (RDB < 4), the majority of the compounds in the polar compound class are
nonaromatic (RDB < 4). These observations are in agreement with the FTIR results obtained for
these fractions.
Asphaltenes (fraction II) contain not only aromatic and heteroaromatic compounds but also
compounds that are not aromatic (DBE < 4). The compounds in asphaltenes contain 8-35 carbons.
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4.5.4.2.2 Compound Class Distributions
Assigning accurate elemental compositions for ionized compounds is critical for the
accurate estimation of compound class distributions. However, when analyzing mixtures as
complex as crude oil, this requires much greater resolution and mass accuracy than available on
the orbitrap (100,000 resolution) and TOF instruments (50,000 resolution) used in this research.
21–24

However, after DPF separation of the crude oil into six fractions based on the volatility,

solubility and polarity of the compounds, much simpler mixtures are generated and the compounds
in each mixture have similar properties. This makes assigning elemental compositions much easier
when using lower resolution instruments.
Elemental composition data thus obtained for ionized compounds derived from the
different crude oil fractions can be utilized to classify the compounds into different compound
classes further. Figure 4.18 (Table 4.10) shows compound class distributions and their relative
abundances for the six fractions.
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Figure 4.18 Compound class distributions and their percentage relative abundances for crude oil fractions separated and analyzed by
using the DPF MS method. The y-axis indicates the assigned elemental compositions by using abbreviations such as NS2, which implies
compounds containing one nitrogen and two sulfur atoms, in addition to hydrogen and carbon atoms.
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Table 4.10. Compound class percentage distributions derived from high-resolution mass spectral data for the six fractions and their
gravimetric weight percentages as well as the compound class distributions (highlighted in yellow) for the crude oil.
DPF MS
fractions
Gravimetric
weight
percentages

Distillate
(fraction I)

Heavy saturated
hydrocarbons
(fraction III)

Aromatic
hydrocarbons
(fraction IV)

Heteroaromatic
compounds
(fraction V)

Polar
Compounds
(fraction VI)

Asphaltenes
(fraction II)

8

44

21

9

8

1

40
1
5
6
0
34
5
0
0
0
0
0
2
0
0

Compound
class
percentage
distributions
76
7
1
6
0
1
0
0
3
3
0
0
0
0
2

Total

99

Compound
class
HC
S1
O1
N1
O2
O3
O4
O6
O1S1
SO3
O4S
O2N2
O1N1
O2N2S
NS2

96
1
2
1
0
0
0
0
0
0
0
0
0
0
0

92
8
0
0
0
0
0
0
0
0
0
0
0
0
0

82
10
1
0
0
0
0
0
0
0
0
0
0
0
7

6
0
5
52
0
9
0
0
0
22
0
0
1
0
0

1
5
7
6
0
3
4
0
43
6
7
0
2
0
0
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The percentage relative abundance of the hydrocarbon (HC) class was found to be different
for each fraction, being the greatest for the distillate (fraction I) and the smallest for the polar
compounds (fraction VI). The asphaltenes (fraction II) contain a relatively large number of
compounds with a variety of different heteroatoms. While N atoms and SO3 groups were most
abundant in heteroaromatic compounds (fraction V), SO, O and SO4 atoms/groups are most
abundant in polar compounds (fraction VI). Interestingly, some compounds in the aromatic
hydrocarbon fraction were found to contain not only S but also NS2. To summarize, all the fractions
are drastically different in their compound class distributions and their relative abundances.
From the gravimetric weight percentage of individual fractions and their compound class
distributions, the weight percentage distribution of individual compound classes in the whole crude
oil can be obtained by using Equation 4.7. Figure 4.19 (Table 4.10, highlighted in yellow) shows
the summarized weight percentage distributions for the different compound classes consolidated
from the data obtained for the individual fractions. These data provide a simplified picture on the
presence of different compound classes and their abundances in the whole crude oil. Based on
these consolidated results, this crude oil consists of about 12% sulfur-containing compounds (S,
OS, and O3S). It can also be deduced that this crude oil is very low (3%) in oxygen content (O, O3,
and O4).
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Figure 4.19 Weight percentages of compound classes in crude oil, consolidated from the data
obtained for individual fractions.

Further information on individual fractions can be obtained by exploiting the tandem MS
capabilities of the LQIT/orbitrap mass spectrometer. This mass spectrometer allows the isolation
of a group of isomeric and isobaric ions of a given m/z-value followed by collision-activated
dissociation (CAD) in the ion trap. The resulting MS/MS CAD spectra can provide structural
information on crude oil components, such as the number of carbons in alkyl groups and the size
of the aromatic cores in asphaltenes 25,26.
Figure 4.20 shows the CAD mass spectra obtained by using the same “normalized” CAD
energy (25 arbitrary units) for molecular ions of m/z 400 (generated upon (+) APCI/N2/CS2
ionization) derived from three different fractions (fractions II, IV and V).
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Figure 4.20 CAD mass spectra obtained by using the same “normalized” CAD energy (25 arbitrary
units) for the radical cation of m/z 400 derived from three different fractions of the crude oil. The
different fragmentation patterns are highlighted using a red dotted line.

The fragmentation patterns (indicated by red dotted lines) observed for these ions indicate
that they are very different from each other. The decay patterns observed for the ions derived from
the asphaltenes are consistent with the fragmentation patterns reported for asphaltenes,8 indicating
large aromatic cores and short alkyl chains (fastest fragmentations involving elimination of methyl
and ethyl radicals). On the other hand, the ions derived from the aromatic hydrocarbon fraction
contain small aromatic cores and long alkyl chains. Fragmentation of the ions derived from the
heteroaromatic fraction indicates the presence of fairly long alkyl chains in these compounds,
information that was not obtained from any of the experiments discussed above.
Figure 4.21 shows more examples of the fragmentation patterns observed for ionized
heteroaromatic compounds and asphaltenes (fractions II and V). Figure 4.22 shows representative
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CAD mass spectra of protonated compounds derived from the polar compounds fraction. These
protonated compounds fragment via unique losses of polar molecules, such as water and
formaldehyde, thus confirming the presence of polar functional groups.

Figure 4.21 CAD mass spectra of different ions derived from the heteroaromatic compounds and
asphaltenes fractions, highlighting the similarity in fragmentation patterns.

Figure 4.22 CAD mass spectra of ions of m/z 397 and 411 (protonated molecules) derived from
polar compounds (fraction VI), indicating characteristic losses of polar molecules, such as water
and formaldehyde.
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4.6

Conclusions
A separation and characterization method entitled Distillation Precipitation Fractionation Mass

Spectrometry (DPF-MS) is introduced here for the analysis of crude oil at the molecular level.
This method involves separation of the crude oil into six fractions. These fractions are the distillate
(fraction I) mostly containing volatile saturated hydrocarbons but also light aromatic hydrocarbons,
asphaltenes (fraction II) containing predominantly aromatic and heteroaromatic compounds, heavy
saturated hydrocarbons (fraction III) containing cyclic, branched and linear hydrocarbons,
aromatic hydrocarbons (fraction III) containing predominantly alkylaromatic compounds,
heteroaromatic compounds (fraction V) and polar compounds (fraction VI) containing nonaromatic polar compounds. High-resolution mass spectrometry instruments, specifically,
GCxGC/TOF and LQIT/orbitrap mass spectrometers, were used for the molecular level
characterization of each individual fraction. An optimized ionization method was developed for
each fraction to ionize all of its components with similar efficiency and to generate only one type
of ions, either molecular ions or protonated molecules or cations formed upon hydride abstraction.
While (+) EI ionization method coupled with GCxGC/TOF was utilized for the characterization
of the volatile distillate (fraction I), (+) APCI approaches with different nebulization gases and
solvent systems were identified for each nonvolatile fraction (fractions II, III, IV, V, VI).
DPF-MS provides semi-quantitative molecular level information (elemental compositions
and molecular weights) that can be further processed to obtain accurate average molecular weight,
ring and double bond equivalence values and percentage abundances of different compound
classes in the different crude oil fractions. This method excels over previous methods by including
the mass balance for each fraction, thus allowing for data consolidation (data obtained from
different fractions consolidated into one data set), which provides an accurate overall analysis of
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the crude oil, including average molecular weight, heteroatom content, and the weight percentage
of different compound classes.
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METHOD DEVELOPMENT FOR THE
IDENTIFICATION AND QUANTITATION OF TRACERS IN OIL
RESERVOIR BRINE BY USING SOLID-PHASE EXTRACTION
FOLLOWED BY HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY/TANDEM MASS SPECTROMETRY

5.1

Introduction
During enhanced oil recovery (EOR), expensive chemicals, such as surfactants and

polymers, are injected into the oil reservoir to improve the sweep efficiency and oil recovery.1–6
To evaluate and optimize the application of these chemicals, information such as residual oil
saturation, reservoir flow performance and other properties of the reservoir are desired.7 Different
varieties of tracers are chosen by the oil industry based on the kind of information desired. The
information can be obtained by the injection of suitable inert tracers into the injector well along
with other EOR chemicals, followed by monitoring these tracers in the frequently sampled
produced fluids. Since the tracers are injected at very low concentrations and are further diluted
while flowing through large reservoirs, monitoring them in the produced fluids is a huge analytical
challenge and requires sensitive analytical methods. The sensitivity of the analytical method
determines the initial quantity of tracer needed to be added to the oil well and therefore the total
cost of the tracer experiment.
Our collaborators at Pioneer oil company have used a water tracer, 2-fluorobenzoic acid
(2-FBA), for modeling their reservoirs inter-well connectivity and flood patterns. In the past,
several analytical methods, such as gas chromatography (GC) coupled with mass spectrometry8,9
and high-performance (HPLC) or ultra-high-performance liquid chromatography (UPLC) coupled
with mass spectrometry 10–12 and HPLC coupled with photometric detectors,13 have been reported
to achieve low limits of detection (LOD) for fluorobenzoic acids. The lowest detection limit (down
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to 0.01 ppb) has been reported for a GC-MS method. 8,9 This method achieved higher sensitivity
compared to other reported analytical methods by using a 24-hour long, tedious sample preparation
procedure involving matrix removal and sample derivatization.
The objective of the work discussed here was to shorten the sample preparation time by
developing an alternative but equally sensitive method using a Thermo Surveyor HPLC system
coupled with an LQIT mass spectrometer. To preconcentrate the fluorobenzoic acid and to remove
salt and organic matrix, a solid phase extraction cartridge was used for sample preparation before
HPLC-MS/MS analysis of the sample.

5.2

Experimental

5.2.1 Sample Collection and Storage
Reservoir brine samples from four different production wells collected at different times
were obtained from Pioneer oil company in 500 mL sealed containers. These samples contained
both organic (oil) and aqueous (brine) phases. About 250 mL of the aqueous aliquot was separated
from the organic phase by using a separatory funnel and was transferred to a glass flask. The pH
of this aqueous aliquot was adjusted to 2 – 3 by using formic acid. The aliquot was refrigerated
prior to analysis. Under these conditions, the samples were assumed to be stable for at least 30
days. Reservoir brine samples were also collected from the production wells, just before the
addition of tracer and these samples are referred to as reservoir brine blank samples in this chapter.
These samples are also treated and stored similarly to reservoir brine samples.
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5.2.2 Chemicals, Reagents, and Solvents
The standards used were 2-fluorobenzoic acid purchased from Sigma-Aldrich (2-FBA,
purity > 97%, CAS: 455-29-4), 2-fluorobenzoic-d4 acid purchased from CDN isotopes (2-DFBA,
purity > 98.6% D, CAS: 646502-89-8), 2-chlorobenzoic acid purchased from Sigma-Aldrich (2CBA, purity > 98%, CAS: 118-91-2), and formic acid purchased from Sigma-Aldrich (purity ≥
95%). The solvents used were acetonitrile (Proteochem, LC/MS grade, purity 99.9%), and water
(Proteochem, LC/MS grade).

5.2.3 Instrumentation
Experiments were conducted using a surveyor HPLC coupled with a photodiode array
(PDA) detector and Thermo Scientific LTQ linear quadrupole ion trap (LQIT) mass spectrometer.
The HPLC separations were performed on Zorbax SB-Phenyl 4.6 x 250 mm column with 5 µm
particles under gradient conditions, and the PDA detection for all analytes was performed at 214
nm wavelength with a filter bandwidth of 9 nm.
The mass spectrometric analysis was performed in negative ionization mode by using with
electrospray ionization (ESI) probe. The positioning of the ESI probe (distance from the ESI source
to ion transfer capillary) was optimized in x, y and z directions to achieve a stable signal. ESI
source conditions used for this experiment were as follows: 3 kV spray voltage, 40 (arbitrary units)
of sheath gas flow rate (N2), 20 (arbitrary units) of auxiliary gas flow rate (N2), and 300 ºC capillary
temperature. The ion optics were optimized for 2-fluorobenzoic acid by using the auto-tune feature
of the LTQ Tune plus software interface. During multiple reactions monitoring experiments, the
advanced scan feature of the LTQ tune software interface was used to isolate ions and perform
CAD as discussed in Chapter 2. The ion isolation and activation parameters were: an isolation
width of 2 units, an activation q value of 0.25 and an activation time of 30 ms.
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5.2.4 Materials
Oasis HLB plus cartridges (540 mg, 60 µm, Part No.186004134, Waters, USA) were used
for solid phase extraction. Separations were performed using a Zorbax SB-Phenyl HPLC column
(4.6 x 250 mm, 5-micron).

5.3

Procedures

5.3.1 Sample Preparation
The 250-mL reservoir well sample aliquots (pH adjusted) were spiked with an internal
standard, 2-fluorobenzoic-d4 acid (50 ng/mL), The samples were subjected to extraction in Oasis
solid-phase HLB plus extraction cartridges with 540 mg of the sorbent, as described below.
The sorbent in the SPE cartridge was initially conditioned with 10-mL of 75:25
acetonitrile/methanol solvent mixture followed by equilibration with 20-mL of de-ionized water
(pH adjusted to 2.5) by rinsing the cartridge. After loading the sample on the sorbent, it was rinsed
with 10-mL of de-ionized water (pH adjusted to 2.5) to remove remaining salts and polar
compounds. The elution was performed with 10-mL of 75:25 acetonitrile/methanol solvent
mixture. After extraction, the eluted solvent was rotovaped to dryness and reconstituted with 500
µL of 60:40 acetonitrile/water. The reconstituted sample was spiked with a second standard, 2chlorobenzoic acid (10 µg/mL). This sample was analyzed by using HPLC/UV/MS developed for
the analysis of these samples. The sample preparation workflow is shown in Figure 5.1.
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Figure 5.1 Sample preparation and analysis workflow

5.3.2 HPLC and MSn Analysis Conditions
A 200 µL aliquot of the reconstituted sample was transferred into LC vial for HPLCMS/MS analysis. The mobile phase A was LCMS grade water doped with 0.05% formic acid, and
the mobile phase B was LCMS grade acetonitrile doped with 0.05% formic acid. The column and
autosampler were maintained at room temperature. A full loop injection volume (25 µL) of the
sample solution was injected onto the column. The gradient conditions used for the separation are
shown in Table 5.1. Mass spectrometry data acquisition was performed with the electrospray
ionization source operating in negative ionization mode under tuned optimal conditions for the
ionization of 2-fluorobenzoic acid (detailed in Section 5.2.3)

Table 5.1 Gradient conditions for the HPLC separation (lower flow rate of 0.4 mL/min was used
initially to prevent backpressure spike).
Time
(min)
0.00
1.50
6.00
9.00
9.10
10.00

A
(%)
40
40
5
5
40
40

B
Flow
(%) (mL/min)
60
0.4
60
0.7
95
0.7
95
0.7
60
0.7
60
0.7
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5.4

Results and Discussion
Direct analysis of oil reservoir brine samples (without sample preparation) by combining

two different separation mechanisms such as LC and MSn multiple reaction monitoring (MRM)
allow for 2-fluorbenzoic acid to be isolated from complex mixtures and the resulting selectivity
achieved by these methods provides confidence that the correct component is being measured.
However, because the analyte of interest, 2-fluorobenzoic acid is usually present in very dilute
concentrations in the reservoir brine samples, a pre-concentration sample preparation step using
solid-phase extraction (SPE) was considered before LC/MSn analysis, to maximize the analyte
recovery.
The SPE method was developed to achieve selective extraction of 2-fluorobenzoic acid
while removing as many interferences (such as inorganic ions and other organic components) as
possible from reservoir brine. The challenge with developing a quantitative method involving
solid-phase extraction (SPE) technique is, to account for the variability in sample recovery
between different batches of SPE cartridges. This issue was addressed by spiking the sample with
a stable isotopically labelled internal standard, 2-fluorobenzoic-d4 acid during sample preparation.
This deuterated analogue not only accounts for the variability occurring during sample recovery
but also during ionization, which is caused due to matrix interferences. The accurate and reliable
quantitation was achieved by considering the relative response ratios of the deuterated internal
standard with its unlabelled analogue.
The other problem encountered during method development is the unpredictable shifts in the
retention time for 2-fluorobenzoic acid elution when spiked in different reservoir brine samples.
In order to allow for positive identification based on the retention time of 2-fluorobenzoic acid, a
chromatographically resolvable second internal standard (2-chlorobenzoic acid) was spiked into
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the samples post extraction and before HPLC/MS analysis. This allowed for the identification of
2-fluorobenzoic acid based on its relative retention time. The relative retention time of 2chlorobenzoic acid with respect to 2-fluorobenzoic acid was observed to be 0.36±0.03 min. The
further details of the method development are discussed below.

5.4.1 LC/MS Method Development
Arguably, developing an excellent chromatographic method is very critical to develop a
robust LC/MS assay as this affects the selectivity and sensitivity by interfering with the ionization
mechanism of the analyte of interest. If the components in the matrix co-elute with the analyte of
interest, the response of the analyte measured becomes biased or have poor precision. This
phenomenon was popularly known as “matrix effects.” To avoid matrix effects, a reasonably good
chromatographic method was developed on a Zorbax SB-Phenyl LC column under gradient
conditions (details of the method are discussed in the procedure). This method was evaluated by
spiking known concentration of 2-fluorobenzoic acid standard into one of the reservoir brine
sample matrices. However, due to significant matrix variability observed between different
reservoir wells samples and the variability between samples of the same reservoir well collected
at different time points, a clean separation of tracer using the same chromatographic method for
all the reservoir samples was not practically possible. The issue associated with the matrix effects
was resolved by including pre-sample cleanup using solid phase extraction and the addition of
isotopically labelled internal standard to the sample.
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5.4.1.1 Extraction Using Solid Phase Extraction
For separating 2-fluorobenzoic acid from interfering sample matrices and for simultaneous
preconcentrating, solid phase extraction cartridge was used. Different solid-phase extraction
substrates have been reported earlier to enrich fluorobenzoic acids out of aqueous samples.13,14
For the purposes of our study, Oasis HLB cartridges were selected due to their reported ability to
achieve best recoveries of acidic compounds such as 2-fluorobenzoic acid.8
The method development for solid phase extraction involves four critical steps namely, 1.
wetting and conditioning, 2. sample loading, 3. wash/ rinse and 4. Elution. Each step in the
extraction procedure was optimized, and the details of the optimized extraction method are
provided in the sample preparation procedure. To ensure optimal target analyte retention, the
sample was pretreated before solid phase extraction by adjusting the ionic strength/ pH of the
sample below the pKa of 2-fluorobenzoic acid (3.27). Further, to account for the variations in
sample recovery, a stable isotopically labelled internal standard (2-fluorobenzoic -d4 acid) was
added to the sample during sample preparation. To elute 2-fluorobenzoic acid effectively from the
cartridge, different solvents (water, acetonitrile, methanol) and solvent combinations were
evaluated, and the optimal extraction was achieved by using 75:25 acetonitrile/methanol solvent
mixture.
The percentage extraction efficiency for 2-fluorobenzoic acid on Oasis HLB cartridge
using the developed extraction protocol was calculated by using the equation below.
% Extraction efficiency =

concentration of 2-fluorobenzoic acid measured after extraction
100
concentration of 2-fluorobenzoic acid assuming 100% retention

The concentration of 2-fluorobenzoic acid after solid phase extraction can be obtained by
multiplying the concentration of known 2-fluorobenzoic acid spiked into the reservoir brine
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sample prior to solid phase extraction, with the enrichment factor. The enrichment factor is the
volume ratio of the sample volume before extraction and after extraction. For example, in this
study, the 2-fluorobenzoic acid was spiked at 50 ng/mL concentration in 250 mL of reservoir brine
sample and is subjected to sample extraction procedure detailed in section 5.3.1 . The enriched 2fluorobenzoic acid was eluted into the collection vial using suitable acetonitrile/methanol solvent
mixture, which was further rotovaped and reconstituted in 500 µL (0.5 mL) of solvent (final
volume) before LCMS analysis. The concentration of 2-fluorobenzoic acid after solid phase
extraction was determined to be 10500 ng/mL (10.5 ppm) using LC/MSn analysis. The
concentration of 2-fluorobenzoic acid assuming 100 % retention is calculated to be 12500 ng/mL
(50 ng/mL x 250 mL). The volume ratio (250 mL/0.5 mL) gives an enrichment factor of 500.
Therefore, the percentage extraction efficiency for solid phase extraction cartridge was calculated
to be about 84% with a relative standard deviation of 3.1% (5 replicate studies).

5.4.1.2

Mass Spectrometer Optimization
After the development of LC method, optimization of mass spectrometer parameters is

necessary to achieve excellent sensitivity and reproducibility. There are many parameters that
affect the ionization and detection of analytes in a mass spectrometer. However, only the
parameters that have a significant impact on quantitation such as positioning of the ESI probe,
ESI nebulization conditions, ion de-solvation parameters and ion trap parameters were optimized
(the optimized conditions are provided in Section 5.2.3).
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5.4.1.3 MS/MS Analysis
Selected ion monitoring (SIM) is a mass spectrometric acquisition mode that can be used
to selectively scan for the masses of specific ions generated from the analyte of interest. Initially,
this approach was used for the selective identification and quantitation of 2-fluorobenzoic acid
(Figure 5.2).

Figure 5.2 The chromatogram corresponding to the selective ion monitoring analysis (of ions of
m/z 139,143 and 155) of reservoir brine blank sample spiked with 2-fluorobenzoic acid (m/z 139),
2-fluorobenzoic-d4 acid (m/z 143) and 2-chlorobenzoic acid (m/z 155) each at 0.25 µg/mL
concentration. The selected ion monitoring generated simple chromatograms of selected masses

However, when analyzing the samples collected from few reservoir brine samples, even
the use of selective ion monitoring did not eliminate the matrix interference, due to the coelution
of isobaric analyte ions. One such example is shown in Figure 5.3A. Although the selective ion
monitoring is typically expected to generate a simple chromatogram for selected mass, it generated
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complex chromatograms for the reservoir brine samples spiked with 2-fluorobenzoic acid. This is
due to the presence of isobaric ions in the sample matrix. In these situations, the automated peak
detection and integration algorithm performed improper integration, therefore providing inaccurate quantitation values for 2-fluorobenzoic acid. This problem could be minimized by manual
integration while processing the data. To overcome this problem without manual intervention and
to achieve more selectivity, a tandem mass spectrometric technique called “multiple reaction
monitoring (MRM)” was used. MRM allows the monitoring of specific collision-activated
dissociation (CAD) reactions for each analyte of interest. This technique provides the needed
confidence that the correct analyte is being monitored. This is typically accomplished by
monitoring two reactions, which involves the detection of precursor ions followed by monitoring
a specific fragment ion produced from the precursor ion upon CAD. Figure 5.3B shows a
chromatogram corresponding to the multiple reaction monitoring analysis of the same sample as
discussed in Figure 5.3A. The interference from isobaric ions (as observed in Figure 5.3A) was
removed by monitoring the specific fragment ion (m/z 95) produced from ionized 2-fluorobenzoic
acid (m/z 139) after CAD.
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Figure 5.3 A) The chromatogram corresponding to the selective ion monitoring analysis of
reservoir brine spiked with 2-fluorobenzoic acid (m/z 139) at 0.33 µg/mL concentration. The
chromatogram generated is complicated and the peak eluting at 5.02 minutes corresponds to 2fluorobenzoic acid and is partially obscured by isobaric ions derived from the matrix B) The
chromatogram corresponding to the multiple reaction monitoring analysis of the same sample
discussed in part A. Monitoring the specific fragment ion (m/z 95) produced from ionized parent
ion (m/z 139) after CAD, clearly shows the peak corresponding to 2-fluorobenzoic acid, by
eliminating the interference from co-eluting isobaric ions.

By comparison (Figure 5.3A and B), the multiple reaction monitoring of the reactions
clearly shows the peak corresponding to the analyte of interest even in a complex matrix with
coeluting isobaric ions. The HPLC method coupled with multiple reaction monitoring tandem
mass spectrometric technique developed for 2-fluorobenzoic acid can be considered as having
excellent specificity.
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5.4.1.3.1 Optimization of MRM Conditions
The ion trap parameters that can be optimized for multiple reaction monitoring reaction
include mainly the CAD energy. The degree of fragmentation of each parent ion in the ion trap is
dependent on the amount of collision energy provided. The high value for CAD energy was
preferred in this experiment in order to fragment the parent ion completely and thereby reduce
interference from isobaric interference. For example, At CAD energy of 16, 2-fluorobenzoic acid
completely fragmented to produce characteristic fragment ion of m/z 95 and therefore selected as
the optimal CAD energy to monitor this reaction. The MRM conditions used for monitoring the
reactions for 2-fluorobenzoic acid, 2-fluorbenzoic-d4 acid, and 2-cholrbenzoic acid are provided
in Table 5.2. The parent ion and its corresponding fragment ion monitored for MRM reactions are
generally represented as “parent ion  characteristic fragment ion”. The HPLC-MS/MS
chromatograms measured under optimized conditions for a reservoir sample spiked with 2fluorobenzoic acid (139 95), 2-fluorobenzoic-d4 acid (143 95) and 2-chlorobenzoic acid (155
111) are shown in Figure 5.4.

Table 5.2 Multiple reaction monitoring conditions

1
2
3

Compound
2-fluorobenzoic acid
2-fluorobenzoic-d4 acid
2-chlorobenzoic acid

Precursor ion
139
143
155

Fragment ion
95
95
111

CAD energy
16
16
20

Reactions
139  95
143  95
155  111
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Figure 5.4 The overlay 3D MS/MS chromatograms for a reservoir sample spiked with 2fluorobenzoic-d4 acid, 2-fluorobenzoic acid and 2-chlorobenzoic acid at about 5 µg/mL
concentrations. Monitoring both the precursor ion and the fragment ion associated with the
precursor ion makes the method more sensitive and selective compared to selected ion monitoring.

5.4.2 Method Assessment
The developed analytical methods sensitivity is dependent on the combination of factors
such as a) extraction efficiency of the cartridge, b) LC conditions and c) mass spectrometer
response. The detection and quantitation limits were established for this method based on the
signal-to-noise (S/N) ratio at a particular concentration upon LCMS analysis. The detection limit
was defined in this method as the concentration of 2-fluorobenzoic acid that will achieve a S/N
ratio of three and quantitation limits for this method was reported as the concentration of 2fluorobenzoic acid that will achieve a S/N ratio of ten. Since the mass spectrometer shows linear
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response over a certain concentration range before reaching saturation, either at the detector or in
the ion source, the linear dynamic range for this method must be evaluated. In this method, the
stable isotopically labelled internal standard (2-fluorobenzoic-d4 acid) was spiked into the samples
and standards to achieve accurate quantitation by accounting for the variability in sample
preparation, LC injection and matrix effects. Therefore, the relative response factor for 2fluorobenzoic acid to its deuterated analogue must be determined.
In order to establish above-discussed limits for this method, Direct analysis of reservoir
brine blank samples spiked with a range of known concentrations (0.16, 0.25, 0.33, 1.6, 3.3, 5.0,
8.3, 16.6, 33.3 and 66.6 ppm) of 2-fluorobenzoic acid and its deuterated analogue were performed.
Two calibration curves were plotted for these concentrations, by plotting the peak areas of the
fragment ions (m/z 95 and m/z 99) derived upon CAD from parent ion of 2-fluorobenzoic acid
(m/z 139) and its deuterated analogue (m/z 143). The calibration curves showed good linearity for
both 2-fluorobenzoic acid and its isotope analogue (r2 > 0.99) in the concentration range of 0.16
ppm up to 33.3 ppm (Figure 5.5). The equations of the form y= mx+c was utilized for the
calibration, where x = concentration of the standards in ppm and y = peak area of the characteristic
fragments m/z 95 and m/z 99 obtained from 2-fluorobenzoic acid and its deuterated analogue
respectively. The relative response factor for 2-fluorobenzoic acid and its isotope analog was
determined to be about one from their slopes by using the equation shown below.
Relative response factor =

slope of 2-fluorobenzoic-d 4 acid
slope of 2-fluorobenzoic acid
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Figure 5.5 Calibration curve for 2-fluorobenzoic acid and 2-fluorobenzoic-d4 acid. The
calibration curve equations for seven different concentrations of standards are provided in the
figure.

Using this data, the instrument detection limit was determined to be 160 ppb, since the S/N ratio
is greater than three above this concentration. However, this detection limit which is measured by
direct analysis of the sample does not consider the solid-phase extraction step, which results in
sample pre-concentration/sample enrichment. To measure these practical limits, 250-mL reservoir
brine blank samples were spiked with a range of known concentrations (0.5, 0.66, 3.2, 6.6, 10,
16.6, 33.2 and 66.4 ppb) of 2-fluorobenzoic acid and its deuterated analogue was subjected to
solid-phase extraction and other sample steps as described in Section 5.3.1. These standards were
analyzed by using HPLC/MSn method developed, and the calibration curves were plotted similarly
as described above. The practical method detection limit was determined to be 3.2 ppb, and the
quantitation limit was established to be 10 ppb for 2-fluorobenzoic acid.
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5.4.3 Results for Oil Reservoir Brine Samples
The levels of 2-fluorobenzoic acid were quantitated in various oil reservoir well samples
obtained from Pioneer oil company. A chromatograms showing the peaks corresponding to the
specific fragment ions produced upon CAD of ionized parent ions of 2-fluorobenzoic acid, 2fluorobenzoic-d4 acid and 2-chlorobenzoic acid and UV absorption spectrum of a reservoir well
sample (no 12) collected from one of the Pioneer oil wells after 92 days of tracer injection is shown
in Figure 5.6 as an example. Using HPLC/ MSn analytical method coupled with solid-phase
extraction, the concentration of the tracer in this reservoir oil well was determined to be 15.2 ppb.
All the samples were prepared as discussed in Section 5.3.1 and the relative responses of 2fluorobenzoic acid if detected were compared to the known concentration of its deuterated
analogue for quantitation. The results of other oil wells are presented in Table 5.3.
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Figure 5.6 Chromatogram of oil reservoir brine sample (no 12) spiked with two internal standards.
A) The chromatogram showing the MRM transitions of 2-fluorobenzoic acid, 2-fluorobenzoic-d4
acid, and 2-chlorobenzoic acid B) The UV absorption spectrum of the sample at 214 nm
wavelength. The peaks corresponding to the tracer and the internal standards is obscured in the
matrix of other UV absorbing compounds present in the matrix, not allowing for identification or
quantitation.
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Table 5.3 Results on levels of 2-fluorobenzoic acids in ppb (ng/mL) in the analyzed samples.
Sample
number

Production
Well number

Days After
Injection (days)

2‐FBA PPB Purdue

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
18
20
21
22
23
24
25
26
27
28

1
1
1
1
1
1
1
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
4

12
33
61
75
96
110
124
12
33
61
75
96
110
124
12
33
61
75
96
110
124
12
33
61
75
96
110
124

0
0
0
0
Detected but below quantitation limit
Detected but below quantitation limit
Detected but below quantitation limit
0
0
0
0
15.2
14.9
42
0
0
0
0
0
Detected but below quantitation limit
Detected but below quantitation limit
0
0
0
0
0
Detected but below quantitation limit
Detected but below quantitation limit
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5.5

Conclusions
The development of a method based on a solid-phase extraction followed by HPLC tandem

mass spectrometry is described in this chapter for the quantitation of 2-fluorobenzoic acid in oil
reservoir brine samples. The method achieved a 500-fold enrichment of 2-fluorobenzoic acid for
reservoir brine samples after solid phase extraction with Oasis HLB cartridges. The extraction
efficiencies for these cartridges were found to be 84 % with a relative standard deviation of 3.1%.
After extraction, the samples were analyzed for the tracer, 2-fluorobenzoic acid by LC and MSn
multiple reaction monitoring (MRM). This method allows for 2-fluorbenzoic acid to be isolated
from complex mixtures and the resulting selectivity achieved by LC/MSn methods provide
confidence that the correct component is being measured. The addition of deuterated analogue of
2-fluorobenzoic acid to the samples during sample preparation, not only accounts for the
variability in sample extraction and recovery but also accounts for variability in ionization caused
due to matrix effects and therefore allows for accurate quantitation of tracer. The practical
detection limits for this method were determined to be 3.2 ppb, and the quantitation limits are at
10 ppb in reservoir brine sample matrices. Although this method could not achieve the sensitivity
of the previously published work on GC-MS,9 this method provides a high throughput capability
by eliminating the tedious sample derivation and sample preparation steps. The method developed
here is 36 times faster than the reported GC-MS method.9 Further improvements in the detection
limits can be achieved by using UPLC and more sensitive mass spectrometers. The method was
used for the identification and quantitation of tracers in oil reservoir brine samples.
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